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ABSTRACT 
Following an introduction on calixarene chemistry and their ｭ･ｴ｡ｬｾｩｯｮ＠ complexes 
including some of their applications, the aim of the work are described. 
Thus this thesis concentrates on the synthesis and characterisation of two new lower 
rim calix( 4)arene derivatives containing mixed pendent arms as well as an 
investigation on the solution properties of their ｭ･ｴ｡ｬｾｩｯｮ＠ complexes. 
Macrocycles namely, 5, 11, 17, 23 tetrakis (1, 1 dimethylethyl) 25, ＲＷｾ＠ bis [(2-
methylthio) ethoxy] 26, ＲＸｾ＠ bis ｛Ｒｾ＠ pyridyl methyloxy] calix(4)arene, Ll and 5, 11, 
17, 23 tetrakis (1, 1 dimethylethyl) 25, 27- bis [(2- methylthio) ethoxy] 26, 28- bis [3-
pyridyl methyloxy] calix( 4)arene, L2, are structurally eH NMR and X-ray 
crystallography) and thermodynamically (solubility, Gibbs energy, enthalpy and 
entropy) characterised. The complexing ability of these ligands for metal cations is 
investigated using a variety of techniques. 
Solubility measurements and derived standard transfer Gibbs energies of these 
isomers indicate that these macrocycles undergo selective solvation in non-aqueous 
media. 1 H Nl\.1R studies were performed to obtain information about the active site of 
interaction of these ligands with metal cations. Conductance measurements were used 
to establish the composition of the metal-ion complexes in dipolar aprotic media. 
Potentiometric and calorimetric measurements were carried out to derive the 
thermodynamic parameters of complexation of L1 and L2 and metal-ions in 
acetonitrile and benzonitrile at 298.15 K. Based on stability constant data, two metal-
ion complexes ofLl were isolated and the sttucture of the Na+ complex determined 
by ｘｾｲ｡ｹ＠ diffraction methods. Thus, the cation was found in the hydrophilic cavity 
while the hydrophobic cavity hosts a molecule of acetonitrile. The crystallographic 
results confirm the key role played by the ethereal oxygens in the complexation 
process. Thus, while L 1 is able to interact with alkali metal cations, no complexation 
was found for L2 and these cations. This is attributed to an increase in the distance 
\ between the pyridyl nitrogen and the ethereal oxygen in moving from L1 to L2. 
\ 
Conclusions and suggestions for further research in this area are given. 
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CHAPTER 1. INTRODUCTION 1 
CHAPTER! 
INTRODUCTION 
Macrocyclic ligands have had a huge expansion in the last two decades. These ligands 
consist of lipophilic (eg. alkyl chains or benzene rings) and hydrophilic regions (eg. 
functional groups containing atoms such as oxygen, nitrogen, sulphur). The latter are 
responsible for the interaction between these macrocyclic ligands and ionic species. 
The selective complexing propetties of these macrocyclic compounds for metal 
cations was developing slowly until the early sixties when Pressmann [1] discovered 
that the natural antibiotics, such as valinomycin, were responsible for the selective 
transport of sodium and potassium across biological membranes. This was followed 
by the discovery of the crown ethers by Pedersen [2] in 1967, the cryptands by Lehn 
[3] in 1969 and the spherands by Cram [ 4] in 1979. Since this thesis is related to 
calixarene chemistry, these ligands will be mainly discussed in this Introduction. 
The capability of derivatised calixarenes to selectively extract metal cations and 
neutral species has resulted in a huge development in the field of macrocyclic ligand 
chemistry. Specifically, by derivatising calixarenes and changing ligand parameters 
such as cavity size, the number and the type of binding sites and the varying 
combination of donor atoms [ 5] these can be appropriately designed to accommodate 
targeted ionic species. Calixarene derivatives have found a wide range of applications 
as extracting agents for toxic heavy metals which are well documented. This 
particular area calls upon the need of tailoring new calixarenes with the aim of 
targeting metal cations selectively [6, 7]. 
The study and understanding of host-guest interactions in solution is an important 
topic in the field of Supramolecular Chemistry. By determining the factors that are 
predominantly responsible for the complexation ability of calixarenes and their 
selectivity it is possible to design derivatives which can interact with selected metal 
cations. These interactions are best investigated by determining the thermodynamic 
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parameters (standard Gibbs energy, enthalpy and entropy) associated with the 
complexing processes in different solvents. A brief introduction on the background of 
calixarene chemistry is now given. 
Calixarenes> are cyclic oligomers ob btained from the condensation of formaldehyde 
with p-substituted phenol under alkaline conditions. These compounds were first 
established by Zinke and Ziegler [8] and a cyclic tetrameric structure was then 
proposed. 
The other two main parent calixarenes, the cyclic hexamer [9] and the octamer [10], 
were first discovered in the fifties, when the Petrolite Company manufactured 
emulsifiers for crude oil consisting of p-alkylphenol with formaldehyde followed by 
treatment of the condensate with ethylene oxide, to produce an oxy-alkylate. Only 
when the customers cotnplained about the sludge precipitating from their oils, the 
Company appointed a research scientist called John Munch [11] to investigate this 
colourless material characterised by its high melting point and its poor solubility. This 
procedure is now referred to as the "Munch" or "Petrolite" procedure. Modified 
versions of this technique are now used for the preparation of these calixarenes. 
1.1 Calixarenes 
1.1.1 Brief Histot-y of Calixarenes 
The discovery of the compounds known today as calixarenes was initiated at the end 
of the nineteenth century when van Baeyer [12] investigated the reaction involving 
phenol and formaldehyde. The products obtained by this type of reaction had 
remained uncharacterised until the late thirties when Nieder! and Vogel [ 13] 
published their results for a crystalline, high melting point compound obtained from 
the acid-catalysed reaction between resorcinol and aldehydes. Thus the cyclic 
tetrameric structure proposed by these authors is shown in Fig.l.l. In 1944, Zinke and 
Ziegler [8] obtained a similar white crystalline product, resulting from the reaction of 
the p-substituted phenol and formaldehyde in alkaline conditions. The cyclic 
tetrameric structure proposed for this product is shown in Fig 1.2. 
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Fig 1.1: Cyclic tetrameric structures suggested by Niederl and Vogel [13] 
R 
R 
R 
Fig 1.2: Cyclic tetrameric structure suggested by Zinke and Ziegler [8] 
Since then not much progress in this field was made until the early seventies, when 
Gutsche and co-workers [14,15] showed that under controlled reaction conditions 
(e.g. solvent, base, reactant ratio) the cyclic tetramer, hexamer and octamer could be 
obtained in good yields from the reaction of p-tert-butylphenol and formaldehyde in 
alkaline medium. 
The term "calixarene" was introduced by Gutsche [16]. The prefix "calix" means 
'beaker' in Greek and Latin and this terminology was chosen to describe the 
conformation of the cyclic tetramer. The number of benzene or "arene" units is 
indicated by the bracketed number, which is inserted between "calix" and "arene". 
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There are five members in the series, ranging from the relatively rigid tetrameric 
calix[4]arene to the more flexible octameric calix[8]arene. 
Parent calixarenes in the 'cone' conformation are characterised by a "lower" and an 
"upper" rim. The former rim contains hydroxy groups while tert-butyl group are 
found in the upper rim creating a hydrophobic cavity. Fig 1.3 shows the basic 
structure of parent calixarenes. 
n=4- 8 
Fig 1.3: Structure ofp-tert-butylcalix[n]arene 
An interesting feature in the chemistry of these macrocycles is the ease of upper and 
lower rim functionalisation to give a wide range of derivatives. From the point of 
view of this work, the derivatives of the cyclic tetratner (Fig 1.4) are the most 
relevant. These are characterised by, 
(i) A hydrophobic cavity situated between the aromatic rings which is able to 
interact with neutral species. 
(ii) A hydrophilic cavity created by the introduction of functionalised groups 
with the appropriate donor atoms at the lower tim. This cavity is able to 
interact with metal cations. 
In the following section some of the properties of calixarenes are presented. 
CHAPTER 1. INTRODUCTION 
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Fig 1.4: Structures of lower rim functionalised calix[4]arenes. 
1.2 Physical properties 
1. Melting points of calixarenes 
5 
Due to the strong hydrogen bond formation between the lower rim hydroxy groups of 
parent calixarenes (Fig.1.4a), the melting point is one of the properties that 
characterise these compounds. Table 1.1 lists the melting points for various parent 
calixarenes. 
However the change of substituents in the para position of calixarenes can produce 
derivatives with lower melting points. A representative example is found in the work 
of Asfari and Vicens [17]. These authors managed to synthesise some calix[6]arenes 
derived from p-n-alkyl-phenols that have melting points lower than 110° C. 
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Table 1.1: Melting point of calixarenes. 
Calixarene Melting point COC) Reference 
p-tert-butylcalix[ 4]arene 342-344 (18] 
p-tert-butylcalix[ 5]arene 310-312 [19] 
p-tert-butylcalix[ 6]arene 372-374 [19] 
p-tert-butylcalix[7]arene 249( dec 290) [18] 
p-tert-butylcalix[8]arene 418-420 [19] 
p-tert-butylcalix[9]arene 317-318 [19] 
p-tert-butylcalix[ 1 0 ]arene 308-310 [19] 
p-tert-butylcalix[ 11 ]arene 200-250 [19] 
p-tert-butylcalix[ 12]arene 294-295 [19] 
p-tert-butylcalix[ 13] arene 313-314 [19] 
p-tert-butylcalix[ 14 ]arene 317-320 (19] 
p-tert-butylcalix[ 15]arene 227-295 [19] 
p-tert-butylcalix[ 16]arene 310-312 [19] 
p-tert-butylcalix[20]arene 290-292 [19] 
2. Solubility 
An additional distinctive feature of parent calixarenes is their low solubility in most 
solvents as shown in Table 1.2. Again this can be attributed to the extensive 
intermolecular hydrogen bonding. However the solubility may be altered according to 
the nature of the p-substitutent. Solubility values for calixarenes generally follow the 
same pattern as the melting point but in a reverse manner. Therefore, a substituent that 
has an effect in lowering the melting point generally leads to an increase in the 
solubility ofthese macrocycles in organic solvents [19]. 
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Table 1.2: Solubilities of p-tert-butylcalix[n]arene (n= 4, 8} on the molar scale in 
various solvents at 298.15 K [20, 21]. 
Solvent /,-------;Solubility (mol dm-3),------." 
MeOH 
EtOH 
DMF 
MeCN 
n-Hex 
ChCH 
p-tert-butylcalix[ 4]arene 
5.90 x 10·4 
3.30 x 10·4 
1.10 X 10-3 
4.73 X 10-5 
2.12 x 10·4 
4.34 X 10-3 
9.47 X 10·4 
1.83 X 10-2 
p-tert-butylcalix[8]arene 
< 10-5 
< 10-5 
2.20 X 10-3 
1.68 X 10·5 
2.51 X 10-5 
6.23 X 10-3 
1.14 X 10-2 
2.57 X 10-3 
Abbreviations: MeOH, methanol; EtOH, ethanol; Dl\.1F, N, N-dimethylfonnamide; MeCN, acetonitrile; 
CH3Cl, cblorofonn; PhCN, benzonitrile; n-Hex, n-hexane; PbN02, nitrobenzene 
A great deal of effort has been devoted to the synthesis of functionalised calixarenes 
by introducing suitable substituents in order to increase their solubility in organic 
solvents. Some water soluble calixarenes have also been synthesised. Ungaro and co-
workers [22] prepared for the first time water-soluble calixarenes such as the 
carboxymethyl ether of the cyclic tetramer. This was followed by the preparation of 
upper rim functionalised calixarenes containing sulfonate groups by Shinkai and co-
workers. [23, 24]. Gutsche et al [25, 26] prepared both aqueous acid-soluble amino 
and aqueous base soluble carboxy calixarenes. 
1.3 Stereochemical properties of calixarenes 
X-ray crystallographic studies have been successful in providing the structure of these 
compounds in the solid state, while NMR spectroscopy has been extensively used to 
investigate the structural properties in solution [27]. It has been shown that p-tert-
butylcalix[4]arene in the solid state exists in a rigid 'cone' conformation only. In 
solution, the cyclic tetramer can take four different conformations (one of which is the 
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rigid cone) with different numbers of aryl groups facing upwards or downwards with 
respect to the average plane defined by the bridges (methylene groups) as proposed by 
Cornforth [28]. Gutsche [14] introduced the terminology 'cone', 'partial cone', '1-2 
alternate' and '1-3 alternate ' to denote these conformations. These are shown in Fig. 
1.5. 
OH OH 
OH 
(a) Cone (b) Partial Cone 
(c) 1,2-Aiternate (d) 1,3-Aiternate 
R= t-Bu 
Fig 1.5: Conformations adopted by p-tert-butylcalix[4]arene in solution [19]. 
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As the number of phenol units increases, the number of conformations that these 
macrocycles adopt also increases. Like p-tert-butylcalix[ 4]arene, the cyclic pentamer 
adopts four conformations. However calix[ 6]arenes may lead to eight conformations 
while sixteen conformations [19) have been reported for p-tert-butylcalix[8]arene. 
The aryl group rotating through the centre (annulus) of the macro cycle accomplishes 
the different conformations found for calixarenes. Moreover by proper selection of the 
upper or lower rim substituents, the conformational mobility of these macrocycles can 
be frozen permanently [29, 30]. 
1.4 Spectral properties of calixarenes 
1. NMR spectra of calixarenes 
The 13C and the 1H NMR spectra of p-tert-butylcalix[n]arenes (n = 4, 6, and 8) are 
almost identical due to the symmetry of these macrocycles. The 1 H NMR of the p-
tert- butylcalix[4]arene in CDCh at 298 K is shown in Fig 1.6. It consists of: 
i) Three singlets corresponding to the aromatic protons, the p-tert-butyl and the 
hydroxyl protons. 
ii) A pair of doublets from the bridging methylene protons which collapses to a 
single singlet when the temperature is raised to around 60 °C [31]. 
Fig 1.6: The 1HNMR spectrum ofp-tert-butylcalix[4]arene in CDCh at 298 K. 
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The conformation of calixarenes can be established by observing the resonance of the 
bridging methylene protons in the 1H NMR specttum [[29] as shown in Table 1.3. 
However it is well established (19] that p-tert-butylcalix[4] and calix[5)arene adopt a 
'cone' conformation in solution. Therefore these display a pair of doublets while p-
tert-butyl calix[8]arene which is known to have a 'pleated loop' confotmation also 
displays a pair of doublets. In the case of p-tert-butylcalix[ 6]arene, the pair of 
doublets appears as a broad singlet at 298 K. At low temperature, this cyclic hexamer 
adopts a more rigid conformation and three pairs of doublets are observed. A 
complicated spectrum is observed for the cyclic heptamer known as p-tert-butyl 
calix[7]arene. This statement also applies to calixarene compounds with less 
symmetry than p-tert-butylcalix[ 6]arene. 
Table 1.3: 1H NMR spectral patterns for the methylene bridge protons of the various 
conformers of p-tert-butylcalix[ 4]arene at 298 K [29]. 
Confonnation 1 H NMR pattern 
Cone One pair of doublets (J = 12 Hz) 
Partial cone Two pairs of doublets (J = 12 Hz) (ratio 1: 1) or one pair 
of doublets (J = 12 Hz) and one singlet (ratio 1:1) 
1 ,2-Alternate One singlet and two doublets (J = 12 Hz) (ratio 1: 1) 
1,3-Alternate One singlet 
The resonance arising from the OH groups in the 1 H NMR spectra for the parent 
calixarenes varies with the ring size. The value of the OH resonance ( 8 oH) gives an 
indication of the strength of the intramolecular hydrogen bonding (Table 1.4). The 
greater the value, the stronger is the hydrogen bond formed [19]. 
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Table 1.4: 1HNMR o values ofthe OH groups in parent calixarenes at 298 K. 
Co111pound 1 H NMR resot1a11ce Reference 
0 OH{pp111) 
p-tert-butylcalix[ 4 ]arene 10.34 [18] 
p-tert-butylcalix[ 5]arene 9.64 [19] 
p-tert-butylcalix[ 6] arene 10.53 [18] 
p-tert-butylcalix[7]arene 10.34 [19] 
p-tert-butylcalix[8]arene 9.60 (18] 
p-tert-butylcalix[9]arene 9.78 [19] 
p-tert-butylcalix[ 1 O]arene 9.24 [19] 
p-tert-butylcalix[11 ]arene 9.50 [19] 
p-tert-butylcalix[ 12]arene 9.53 [19] 
p-tert-butylcalix[ 13 ]arene 9.45 [19] 
p-tert-butylcalix[ 14 ]arene 9.32 [19] 
p-tert-butylcalix[ 15]arene 9.13 [19] 
p-tert-butylcalix[ 16]arene 9.02 [19] 
p-tert-butylcalix[ 17]arene 9.02 [19] 
p-tert-butylcalix[ 18]arene 8.98 [19] 
p-tert-butylcalix[ 19]arene 9.06 [19] 
p-tert-butylcalix[20]arene 8-10 [19] 
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2 ｬｾｦｩﾷ｡ｲ･､＠ spectra 
The most distinctive feature of parent calixarenes is the unusually low frequency for 
the OH stretch vibration that occurs in the 3200-3500 cm-1 region. The strongest 
bonds are for the cyclic tetramer (3150 cm-1) and pentamer (3300 cm-1) while other 
oligomers fall between these limits. Table 1.5 lists the values for the infrared stretch 
frequency of the OH bond in calixarenes. 
Table 1.5: Infi·ared fi·equencies of the OH stretching vibrations in calixarenes 
Ring size Rgroup VoH (cm-1) Reference 
4 tert-butyi 3179 [18] 
4 S03H 3232,3411 [32] 
6 tert-buty1 3120 [18] 
6 S03H 3393 [32] 
8 tert-butyl 3190 [18] 
8 S03H 3242,3426 [32] 
Characterisation of the calixarenes using the "fingerprint" region at 1500-900 cm·1 
has only limited possibilities. Despite this, some variations do exist in the 500-900 
cm1 region. 
3. Ultraviolet spectra 
UV spectroscopy is a useful tool for monitoring the course of the reaction as well as 
the nature of the interactions taking place in solution. 
Calixarenes give rise to a pair of absorption maxima at wavelengths of 280 and 288 
nm. The ratio of the intensity at these two wavelengths is a function of the ring size 
[33] as shown in Table 1.6. 
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Table 1.6: Absortivities (e111ax, dm3 mor1 cm-1) of calix[n]arenes in two solvents at 
280 and 288 nm. 
Ring size p-substituent (280 :tl) (288 :tl) Solvent Reference 
dtn3mor1 cm-1 dm3mor1 em-• 
4 All ｴ･ｲｴｾ｢ｵｴｹｬ＠ 9,800 7,700 CHCh [33] 
5 Me and tert-butyl 14,030 14,380 Dioxane [34] 
6 All tert-butyl 15,500 17,040 CHCh [33] 
6 Me and tert-butyl 17,210 17,600 Dioxane [35] 
7 All tert-butyl 18,200 20,900 CHCh [33] 
7 Me and tert-butyl 19,800 20,900 Dioxane [36] 
8 All tert-butyl 23,100 32,000 CHCh [33] 
Abbreviations: CHCh= chlorofotm, Me = Methyl 
1.5 Synthesis of calixarene del"ivatives 
The main characteristic of calixarenes is their capability of introducing suitable lower 
and upper substituents with the aim of targeting a given species. Although this is 
particularly important when designing a new derivative, consideration also needs to 
be given to other factors (as suggested by Cox and Schneider [3 7]). These can be 
summarised as follows: 
1. The calixarene could act as a platform to create new structures having two 
rims that could be modified separately with different functional groups. 
2. Changes in the value of n in the calix[n]arene makes it feasible for the ligand 
to modify its cavity size enabling it to encapsulate metal cations. 
3. By controlling the number and the geometrical arrangement of the ligating 
groups, the cation requirements for co-ordination can be met. 
4. The calixarene structure has sufficient flexibility to conformationally adapt to 
the preferred cavity size of the target species. 
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5. The incorporation of different functional groups on either rim leads to 
calixarene derivatives that can selectively complex with different species. 
Calixarenes offer two positions for interaction and modification, the tert-butyl groups 
and the phenolic hydrogens. Therefore, two routes could be adapted independently to 
prepare a wide range of derivatives. This is achieved by controlling the reaction 
conditions and the reagents used [30] and are described in the following section. 
2. Upper rim functionalasation 
Upper rim functionalisation involves the removal of the p-tert-butyl groups in the 
parent compounds followed by the introduction of substituents. There are several 
ways to achieve upper rim functionalisation. These are detailed as follows: 
(i) Electrophilic substitution by bromination [38,39] iodination [40], nitration [41, 
42], sulphonation [ 43] and acylation [ 44, 45] as shown in Scheme 1.1. 
(ii) Claisen rearrangement of o-allyl to p-alkyl calixarenes, followed by 
transformation of the allyl groups [43, 46]. 
(iii) Mannich reactions involving dialkylamines followed by treatment with 
nucleophiles[ 47, 48]. 
r-± 1 ｾ＠ 5o- ssoc_. ｾ＠ I A1Cl3 l9J Toluene n OH OH 
n=4, 6, 8 
CH ｣Ｚｾｲ｣ｈ＠ r A 1 Nitration 
3 ＶＶｾ＠
OH 
S03H 
a,so, r0 1 
100 oc ｾ＠ Sulpho.riation 
ｓＰ Ｒ ｃｾＯｈｃＱ＠
ｋｉＯｃｾｃｬ Ｒ＠
JSC03 
OH 
S02Cl ｾ＠ Chlorosulphonation 
OH 
Scheme 1: Upper rim functionalisation of calix[n]arenes. 
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3. Lower riot functionalisation 
Lower rim functionalisation consists of removing the lower rim protons from the 
phenolic groups, which then become a target for the introduction of a variety of 
nucleophilic substituents. Such substitutions can involve functional groups such as 
esters, acids, amides, amines, thioamides, ketons as well as mixed functional groups 
that can be all synthesised [19, 49]. A schematic representation for the synthesis of 
these derivatives is shown in Scheme 1.2. 
n=4, 6, 8 
Rt R2 
OH 0 
OR 0 
NH2 0 or S (substituted, amide or thioamide 
NHR 0 or S (substituted, amide or thioamide 
Scheme 1.2: Synthesis of lower rim functionalised calix[ n ]arenas 
Moreover the use of 18-crown-6 as a phase transfer catalyst for the synthesis of 
calix[n]arene derivatives has been discussed by Danil de Namor and co-workers [50]. 
This is shown in Scheme 1.3. 
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Scheme 1.3: Synthesis ofcalix[4]arene ester dedvatives using 18-crown-6. 
+ 
OH 
Advantages found by the use of 18-crown-6 in the synthesis of calixarene derivatives 
are as follows, 
1. The number of substituted phenol units in the parent calix[n]arenes can be 
controlled by the use of the stoichiometric quantity of the alkylating agent 
required. 
2. No further purification is required. 
3. High yields are obtained than in previous synthetic procedures [51]. 
4. The refluxing period is greatly reduced. 
Recently Danil de Namor and co-:-workers [51] reported the synthesis of new p-tert-
butyl calix[n]arenes (n = 4, 6, 8) containing aliphatic (L1-L3) and alicyclic (L4-L6) 
amino groups as pendent arms (Fig 1. 7) with the aim of targeting heavy metal cations 
such as Hg(II), Pb(II) and Cd(II) while discriminating against biologically important 
cations such as Na+, Li +and K+. Unlike previously prepared calixarene derivatives, 
these ligands act as good anion binders when protonated as well as possessing the 
ability to be recycled from cation complexes via a pH switching mechanism [51]. 
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Ll L2 L3 
ｾ＠ 4 
()fa 
L4 L5 L6 
Fig 1. 7: Aliphatic and alicyclic p-tert-butylcalix[ 4 ]arene amino derivatives 
The synthetic schetne for the preparation of lower rim calix[n]arene amino derivatives 
is shown below. 
± 
m. + ｃｉｾｒＮｈｃｉ＠ NaH THF/DMF 
R = _, . Ｍｎｾ Ｍ ->-. oN· eN· rN \ . "--' ;--· ' . '--/ 
Scheme 1.4: Synthesis of aliphatic and alicyclic p-tert-butylcalix[ 4 ]arene amino 
derivatives 
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Lower rim p-tert-butylcalix[ 4 ]arene derivatives containing two alternate functional 
groups, one of which is in all cases a methylsulphanyl substituent while the other is 
either a tertiary amine (aliphatic or alicyclic), a methylthiophene or an amide 
substituent, have been also prepared by Danil de Namor and co-workers [50]. These 
are shown in Fig 1.8. 
ｾ＠
-N(CH:;)z -N8 
-N(CHzCH3)z 
-N(Py) -N8 
1\ 
-N 0 
\_/ 
s \) 
R= H 
Fig.l.S: Lower titnp-tert-butylcalix[4]arene derivatives with mixed pendant arms 
Lower rim calixarene derivatives which have developed a great interest are the 
tetramers containing pyridino as pendent groups. These have been synthesised by 
Bottino et al [51] and Shinkai et al [52]. These authors reported the preparation of 
these derivatives with the aim of extending the chemistry of calix[ 4 ]arenes to target 
transition metal cations. However the main purpose of Shinkai et al was to use these 
ligands as extracting agents for metal cations [alkali, copper(II), uranyl (VI) and silver 
cations] from aqueous to non aqueous media. 
Pappalardo et al [53-61] reported the synthesis and structural studies of 
pyridinocalix[ 4]arenes. It was demonstrated that the conformations adopted upon the 
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functionalisation of calix[4]arenes depend on the conditions of the reaction 
(temperature, solvent and nature of the base used in the synthesis of these ligands). 
It is now established that the reaction between p-tert-butylcalix[4]arene with 2-
chloromethylpyridine hydrochloride in the presence of sodium hydride leads to the 
formation of 5, 11, 17,23-tetra-tert-butyl [25,26,27,28-tetrakis(2-pyridylmethyl)oxy] 
calix[4]arene (2-Py) in its 'cone' confonnation as shown below. 
N. HCI ｃｬｾ Ｑ ｾｰ＠
+ v 
OH 
NaH 
THF/DMF 
6
0 
ｾＧ＠
1a 
Scheme 1.5: Synthesis of 5, 11, 17,23 ... tetra-tert ... butyl [25,26,27,28-tetrakis(2-
pyridylmethyl) oxy] calix[4]arene, 1a 
Pappalardo et al. [60] investigated the ability of this macrocycle to extract alkali-
metal cations in the water-dichloromethane solvent system and carried out 1H N1v1R 
measurements in CDCb. Work reported by these authors involves experiments to 
measure the extracting ability of 5, 11, 17,23-tetra-tert-butyl [25,26,27,28-tetrakis(2-
pyridylmethyl)oxy] calix[4]arene (1a) in its "cone" conformation for metal cations 
and reported it as the percentage of metal extracted in the organic phase saturated with 
water. Caution should be taken in using extraction data as a way of assessing the 
complexing ability of a ligand for a metal cation as shown in the studies carried out at 
the Thermochemistry Laboratory, [50, 62]. Indeed the selectivity of a ligand for a 
metal cation in a given solvent can be only discussed from stability constant data 
given that various individual processes are involved in the overall extraction of 
cations from water (saturated with the organic phase) to the water saturated solvent 
containing the ligand [50]. 
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Danil de Namor et al [63, 64], carried out extensive studies on the thermodynamics 
(stability constants and standard Gibbs energies, enthalpies and entropies) of 
complexation of isomers ofpyridinocalix[4] arenes (see Fig 1.9, la, lb, lc) and metal 
cations in acetonitrile, benzonitrile and methanol at 298.15 K. 
m ｾ＠
6: I 6
0 
N 
la lb 
m 
0 
6 N 
lc 
Fig 1.9: Selection of calix[ 4]arene containing Pyridine moieties 
The thermodynamics of complexation of 5, 11, 17,23-tetra-tert-butyl 
[25,26,27,28tetra/ds(2-pyridyl-methyl)oxy] calix[ 4 ]arene, la, and alkali-metal cations 
in dipolar aprotic media (acetonitrile, benzonitrile) at 298.15 K was investigated by 
Danil de Natnor and co workers and these data are discussed in the next Section. 
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1.6 Thermodynaanics of complexation of calixarene derivatives and metal 
cations. 
The most efficient way to describe quantitatively the affinity of a macrocycle for 
neutral or ionic guests in a given solvent and at a given ｴ･ｭｰｾｲ｡ｴｵｲ･＠ is through the 
stability constant, Ks. 
The basic quantities that describe a system in thermodynamic terms are the changes in 
standard Gibbs energy, .c1G0, enthalpy, .Mt> and entropy .c1S0. Thus an equation 
representative of the process taking place for the 1: 1 complexation of a metal cation, 
M11+, and a ligand, L, in a non-aqueous solvent (s) where both, the free and complex 
cations are predominantly as ions in solution is now given; 
1.1 
The thermodynamic stability constant Ks (molar scale) for the process described in 
eqn.1.1 is defined by eqn.1.2. 
K = aML,I+ = ｛Ｎａ､ｬＺｾＫ｝ｹ＠ ±MLn+ -== [A1L11+] 
s aM"+aL [M 11+]y ±MTI+ [L]yL - [M"+][L] 1.2 
In eqn.1.2, a, Y± and y denote activity, mean molar activity coefficient (in the case of 
ionic species) and activity coefficient (neutral ligand), respectively. The equality 
holds provided that the solutions are relatively diluted in which case YL = 1 and YMLn+ 
= YMn+. As stated by Danil de Namor and co-workers [50], Ks values are referred to a 
standard state for the reactants and the product of 1 mol dtn-3 (arbitrary). Therefore in 
eqn. 1.2, units are cancelled. From stability constant data, the standard Gibbs energy 
of complexation AcG0 , can be calculated from the relationship: 
1.3 
In eqn. 1.3, R = 8.314 J K-1morl, is the gas universal constant and T, is the absolute 
temperature in Kelvin. 
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Standard enthalpy changes, ｾｊｩｯ＠ can be obtained from the use of calorimetry. Thus 
the entropy of complexation, ｾ Ｐ ＸﾰＬ＠ can be calculated from the following relationship: 
1.4 
Enthalpy changes during complex formation are mainly related to the binding 
energies between the metal ion and the macrocycle and the desolvation energies of the 
free cation and the ligand as well as the solvation of the complexed species. Entropy 
changes may indicate the confonnational changes taking place upon complexation as 
well as desolvation of the reactants and solvation of the product. 
Frequently, host-guest interactions in terms of complexation are studied. However, 
the role of the solvent has been often overlooked. The information regarding solute-
solvent interactions involving reactants (ligand, L and guest, G) and product 
(complex, GH) are also important for analysing solvation effects upon host-guest 
complexation. The following thermodynamic cycle introduced by Danil de Namor et 
a!. [ 65] has extensively examined the medium effect on the complexation process of a 
given cation Mn+, and a given ligand L, in tenns of the differences in solvation of the 
reactants and the product in two solvents (s1 and s2). This cycle can be expressed in 
terms of standard Gibbs energies, ｾｇｯＬ＠ enthalpies mo' or entropies ｾｳｯＮ＠ Here ｾ｣ｐ Ｐ＠
denotes the standard thermodynamic parameters of complexation Ｈｾ｣ｇ Ｐ＠ Ｌｾｊｬｯ＠ Ｌｾ｣ｓ Ｐ Ｉ＠
and ｾｴｐ Ｐ＠ are the thermodynamic parameters of transfer Ｈｾｴｇ Ｐ＠ Ｌｾｴｈ Ｐ＠ Ｌｾｴｓ Ｐ Ｉ＠ for the 
reactants (G and H) and the product (G-H) from a reference solvent St, to another 
solvent, s2. 
AJ>O 
.£\PO L\Fo 
1.5 
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The following equation shows that the effect of the 1nedium on the complexation 
process depends on the transfer parameters of the reactants and the product from the 
reference solvent, St to s2 . 
This equation has been extensively used to analyse the medium effect on the 
complexation process and it requires the determination of the corresponding 
thermodynamic parameters of solution L\Jl0 of the fi·ee and the complex electrolytes 
and the ligand in the two solvents. These data are used to calculate the transfer 
parameters, 8tP0 of the reactants and the product from St to s2 as detailed in the 
following equations, 
In the case of electrolytes where cation and anion contributions are involved, 
single-ion values can be calculated through the use of the Ph4AsPl4B convention [ 66], 
Thus; 
However, the thermodynamic cycle ( eqn.l .S) is independent of any extra 
thermodynamic convention since for salts containing the same counter-ion, X, the 
anion contribution is cancelled out. 
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A representative example of this work is the interpretation of the transfer 
thermodynamics of calix[ 4]arene ester derivatives in their free and complexed lithium 
and sodium cations from acetonitrile to benzonitrile [ 67]. 
Availability of thermodynamic parameters of solution allows the use of eqn. 1.12 for 
the calculation of the enthalpies of co-ordination, 8coordH0, referred to the process 
where the reactants and the product are in their pure physical state (solid state, sol, in 
this case). 
Since for a given metal-ion salt and a given ligand, the thermodynamic data referred 
to the solid state should be the same, independently of the solvent from which these 
data are derived, the calculation of 8coordlf' offers a suitable method for checking the 
accuracy of the complexation and solution enthalpy data carried out in the various 
solvents [37]. 
Having assessed briefly thermodynamic aspects relevant to these processes, in the 
following section, the thermodynamics of complexation of calixarene derivatives and 
metal cations in various solvents at 298.15 K is discussed. 
1. 7 Interaction of calixarene derivatives with alkali and alkaline .. earth metal 
cations in non-aqueous solvents. 
With the developments in the synthesis of calixarene derivatives, the thermodynamics 
of metal cation complexation is an area of growing interest. Amongst the 
macrocycles, are the lower rim substituted calixarenes containing ester, amide, 
ketone, acid, and amine functional groups [50]. Most stability constants reported in 
the literature for the complexation of these functionalised calixarenes mainly involve 
alkali-metal cations and to a lesser extent alkaline-earth metal cations [50]. 
Methods for the determination of stability constants include potentiometry, UV 
visible absorption and fluorescence spectrophotometery, NMR spectroscopy, titration 
calorimetry and conductimetry. Potentiometry is one of the most accurate methods 
and therefore, the competitive potentiometric method using silver electrodes has been 
used extensively by Cox and Schneider [37] by measuring the activity of the free 
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silver ion in the presence of a competitive equilibrium involving a second metal 
cation. This method applies only when the ligand is able to fotm stable complexes 
with the silver cation and it is a requirement that the stability constant value 
(expressed as log Ks) of the metal-ligand complex is lower than that for the silver 
ligand complex or does not exceed it by more than 1 to 2 orders of magnitude. 
Since complexation between calix[ 4 ]arene ester derivatives and the silver cation in 
acetonitrile and benzonitrile is very weak or non existent, Danil de Namor and co-
workers [68] introduced a new approach known as the 'double competitive method' 
using silver electrodes. This potentiometric method involves the use of cryptands, 
Cry, and a calix[ 4]ester derivatives. The processes involved are summarised as 
follows, 
/ / / Cry (s) + Ag+ (s) Ag+Czy (s) 1.13 
/ / / / / / Ag+Cry (s) + M+ (s) M+C1y + Ag+ 1.14 
/ / / / / M+Cry (s) + Calix (s) M+Calix (s)+ Cry 1.15 
/ / 
M+ (s) + Calix (s) M+Calix (s) 1.16 
Combination ofeqns 1.13, 1.14 and 1.15leads to eqn 1.16. 
Table 1. 7 shows stability constants for calix[ 4]arene esters with lithium and sodium 
cations in MeCN and PhCN at 298.15 K demonstrating that for a given system, log 
Ks values derived from UV spectroscopy, conductiometry and calorimetry (when log 
Ks values are not greater than 6.5) [50] are in agreement. 
However, log Ks for Na+ and ld (Table 1.7) in MeCN at 298.15 K shows a difference 
between the value obtained by the UV method and that determined by the double . 
competitive method [68]. The stability constant of this system determined by direct 
potentiometric titration using a sodium selective electrode was found to be about 2.3 
log units greater than the value derived from UV spectrophotometry and it was close 
to that derived from the double competitive potentiometric method. This is an 
indication that for very stable complexes (log Ks > 6) UV spectrophotometry is not a 
suitable method for the determination of the stability constants of metal-ion 
complexes. 
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Table 1. 7: Thermodynamic data for the complexation of lower rim calixarene 
derivatives and metal cations in various solvents at 298.15 K [50]. 
Ligand Cation Solvent Method logKs A:Go AJf' flcSo 
kJ mot1 kJmol"1 JK"1 mo1"1 
m 
Lt PhCN Pot. and 5.45 -31.11 -47.02 -53.4 
Microcal 
MeCN Pot. 5.61 -32.02 -37.80 -19.4 
0 Na+ PhCN Pot. 6.78 -38.70 -41.08 -8.0 
0.1:0 MeCN Pot. 6.97 -39.79 -63.00 -77.8 I 
(I d) K+ PhCN Microcal. 2.70 -15.41 -21.34 -19.9 
MeCN Microcal. 4.01 -22.89 -40.63 -59.4 
ｾ＠ Lt MeOH UVspec. 2.6 -14.84 5.05 66.7 MeCN Pot. and 6.10 -35.39 -48.78 -44.9 micro cal. 4 
r: PhCN Pot. and 5.49 -31.34 -57.20 -86.7 
microcal. 
Na+ MeOH UV spec. 5.0 -28.5 -45.60 -57.2 
(le) MeCN Pot. 7.68 -43.81 -69.20 -85.1 
PhCN Pot. 7.57 -43.27 -50.70 -24.9 
K+ MeOH UV spec. 2.4 -13.70 -14.22 -1.7 
MeCN Microcal. 4.04 -23.06 -45.75 -76.1 
PhCN Micro cal. 3.51 -20.04 -23.21 -10.6 
ｾ＠ Li+ MeCN Pot. 6.21 -35.45 -46.30 -36.4 PhCN Pot. 6.09 -34.76 -56.70 -73.6 MeCN Pot. 7.67 -43.78 -67.80 -80.6 ;: Na+ PhCN Pot. 7.44 -42.47 -50.70 -27.6 
MeCN Microcal. 2.05 -11.67 -26.91 -51.0 
(If) K+ 
PhCN Micro cal. 3.48 -19.86 -24.30 -14.90 
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McKervey et al [68] reported that no complexation takes place between the 
calixarene ester and alkaline-earth metal cations in methanol at 298.15 K. However, 
the strength of complexation of calix[ 4 ]arene derivatives and metal cations is strongly 
dependent on the nature of the solvent. It has been shown that the ethylcalix[4]arene 
ester selectively complexes with these metal cations in acetonitrile following the 
sequence, Ca +2 >Sr +2 >Ba +2 > Mg +2 as listed in Table 1. 9 . 
Table 1.9 
Ligand 
Thermodynamic data for the complexation of Tetraethylester p-tert-
butyl calix[ 4]arene ester, le, with bivalent cations in acetonitrile at 
298.15 K 
Cation logKs .6cG0 LUf ｾｳｯ＠
kJ mor1 kJmol"1 JK"1 mol"1 
ｾ＠ Ca2+ 8.15 -46.23 -53.8 -25 Sr2+ 4 5.35 -30.48 -37.6 -24 
JJ:: 
Ba2+ 4.34 -24.80 -29.6 -16 (I e) 
1.8 Interaction of calixarene derivatives witb heavy metal cations in non-
aqueous solvents. 
Calixarene derivatives with functionalities containing oxygens or nitrogens as donor 
atoms are able to interact with metal cations from groups I and II. 
Environmental issues encouraged the development of calixarene derivatives able to 
interact with Hg2+, Pb2+, and Cd2+. Recently, a wide investigation underlying the 
recognition of heavy metal cations by calixarene derivatives have led to a few 
publications[69, 70]. 
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Y ordanov [7], has reported several studies on a series of heavy metal selective 
calixarene derivatives containing sulphur functionalities appended to the lower rim. 
This study involved the extraction of Cd2+, Pb2+, methylmercury (MeHg+), Hg2+ and 
Hg2 2+, with a ligand containing the SC(S)NMe2 functionality (Fig 1.1 0) in the water-
chloroform system. Findings show that this ligand has high selectivity for mercury 
while discriminating against cadmium and lead (Table 1.1 0) 
OCH2CH2SC(S)NMe2 
lg 
Fig 1.10: Calixarene containing sulphur donor atom as lower rim functionalities 
Table 1.10: Percentages of metal cations extracted by a calix[ 4]arene derivative in the 
water-chloroform system at 298.15 K. 
Ion Extraction (%) 
Pb2+ 0 
Cd2+ 0 
Hg2+ 81 
Hg22+ 78 
MeHg+ 38 
It has been found that mercury cations have the ability to form linear co-ordinated 
complexes and therefore at least two sulphur donor sites are necessary. This is clearly 
shown by the ligand synthesised by Delaigue [71], a 1,3-alternate disulfanyl 
calixarene derivative (Fig 1.11) where the mercury(II) cation is co-ordinated in a 
linear fashion as shown by X-ray crystallographic studies. 
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The use of calixarene derivatives containing sulphur donor atoms (a) 5, 11, 17, 23-tetra 
-te1t- butyl-25,26,27,28-tetra-( 2-N, N-dimethyldithiocarbamoylethoxy) calix[4]arene 
and (b) 5, 11, 17,23 -tetra-tert-butyl-25,26,27, 28-tetra-(2-mercaptoethoxy )calix[ 4 ]arene 
(Fig 1.11) as thioamides thiocarbamoyl and mercapto functional groups have been 
used for the design of ion-selective electrodes for Hg2+, Pb2+ [72] and Ag(I) [73], [74] 
and Cd2+ [7 5] through the incorporation of these ligands in membranes. 
( 
sc-:::::8 
\ 
NMe2 (a) (b) 
Fig 1.11: Sulphur containing ligands for the extraction of mercury(II) mercury(!), 
silver(!) and gold(III) in the water-chloroforum solvent system at 298 K. 
1.9 Applications 
For the last two decades calixarenes have grown into a valuable class of macrocyclic 
host molecules with numerous applications. Well over a hundred patents have been 
issued focussing on various practical applications of calixarene-based molecules. A 
detailed study on the various industrial applications of these macrocycles was carried 
out by Perrin and co-workers [76] as well as Gutsche [19].Thus, this section gives a 
review of the main ways in which calixarenes have been or might be put to use as 
reported in the literature. 
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1.9.1 Ion sequestration 
Several patents have been published for the recovery of sodium [77], caesium and the 
actinides [78, 79). On the other hand not many studies for the recovery of the heavy 
metals by calixarenes have been published. Given that the recovery of caesium was 
amongst the first demonstration on the applications of calixarenes, this is now 
discussed. 
i. Recove1y of caesiun1 
Metal sequestration is one of the most important industrial applications involving 
calixarenes. Izatt et al [80], was the first to publish a patent regarding the use ofp-tert 
butyl calixarenes to recover caesium from nuclear waste materials. 
The process consists of three-liquid phases as shown in Fig1.12. The first phase 
consists of an aqueous phase of uranium splitting including caesium. The second 
phase contains a solution of p-tert butylcalix[S]arene dissolved in a mixture of CC4 
and CH2Ch, while the third layer is distilled or deionised water. The second phase 
acts as a liquid membrane responsible for the transport of caesium from the first to the 
third phase. The ligand (in an ionic form) then behaves as a cation carrier between 
phases transporting caesium selectively from a basic aqueous phase to a pure water 
phase. 
Nuclear waste material 
Stirrer 
Liquid membrane 
Consisting of p-te1t-butyl 
calix( 4 )arene dissolved in a 
mixture of CC4 and CH2Ch 
Fig 1.12: Schematic illustration of the apparatus used for the recovery of caesium 
using calixarenes. 
CHAPTER 1. INTRODUCTION 31 
ii. Recovery of uranium 
The selective extraction of uranium from seawater had attracted significant attention 
due to its importance regarding energy issues. One of the main targets for the chosen 
ligand when extracting uranium is its ability to discriminate between the uranyl ions 
uol+ and other metal ions present in the seawater. Thus the calixarene derivatives 
required for the recovery of uo2 2+ have selectivity factors greater than 104 with 
respect to other ionic species in solution. 
Shinkai and co-workers [81-87] have published six patents concerning this particular 
area of research. It was found that the hexacid calixarene derivative (Fig 1.13) is the 
most effective extracting agent among the modified calixarenes for uranium 
recovering 97-99% of uranium from aqueous solutions at a pH ranging from 8-10. 
Fig 1.13: Structure of the calixarene derivative suggested by Shinkai for the selective 
extraction of uranium. 
Another interesting application of calixarene derivatives is their use for the design of 
ion selective membrane electrodes and a few examples are given in the following 
section. 
1.9.2 Ion selective electrodes 
Calixarene derivatives are used for the design of selective membrane electrodes 
particularly for alkali and alkaline-earth cations because of their medical . importance 
(e.g. blood analysis). Therefore, the development of ion selective electrodes for Na + 
[88-90], K+[91], Cs+ [92] and Ca2+ [93] require derivatives containing hard oxygen 
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donor atoms such as the tetraester and tetraether calix[ 4]arenes. In contrast, softer 
donor substituents containing thioether [94] and thioamide [95] groups have led to the 
design of electrodes for softer metal cations such as Ag+ and Cd2+, [96, 97]. 
More recently, Wrobiewiski et al [98] suggested the use of Hg2+ complexes of lower 
rim calix[4]arene with thioamide groups for the design of an ion selective electrodes 
(Fig.1.14). 
Fig 1.14: Structure of calix[ 4 ]arene derivatives used in the design of anion 
selective membrane electrodes. 
Moreover calixarene derivatives have been also used recently for the development of 
electrodes for a variety of neutral heptanal [99], glucose [1 00] and ionic species such 
as ammonium pyridinium surfactants [101, 102] and carboxylic acids [103]. 
One of the latest developments concerns the use of calixarenes as sensors to monitor 
the activity of chemical and biochemical species, where the chemical response which 
is at the molecular level subsequently converts into an electrical or optical signal at 
the macroscopically observable and measurable level. Therefore, calixarenes have 
been used in a variety of interesting ways such as detectors of toxic chemicals [ 104 ], 
optical amine sensors [105] and calcium sensors [106]. As far as neutral species are 
concerned, several applications of calixarenes have been found and these are 
described in the following section. 
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1.9.3 Separation and purification of neuta·al molecules 
Since calixarenes have the ability to host neutral species in their hydrophobic regions 
these have been used in the following processes, 
i. Extraction of xylene 
Perrin et a/ first published the use of p- alkylcalixarenes for the separation of isomeric 
xylenes [107]. According to their findings, selective complexation takes place when 
shaking a mixture consisting of equal quantities of o-, n1- and p- xylenes with 
different calixarenes. Therefore, p-isopropyl calix[ 4 ]arene is selective for p-xylene 
while p-isopropyl-bis-homoxacalix[ 4]arene for o-xylene. The separation of xylene by 
extractive crystallisation using p-isopropylcalix[ 4]arene has been also reported by 
Vicens and co-workers [108]. 
ii. Purification of fullerenes 
Fullerenes are formed from soot obtained by the vaporisation or the discharge of 
carbon material such as graphite. The soot or fullerite contains mainly C6o and some 
larger fullerenes such as C1o. Separation techniques based on chromatography have 
not been successful since they are practically inefficient and expensive. The isolation 
of the solid calixarene complex of C6o was carried out by Williams and co-workers 
[109], Atwood eta/ [110] and Shinkai et al [111]. This isolation was accomplished by 
mixing toluene solutions of p-tert-butylcalix[8]arene and C6o containing soot. Two 
recrystallizations of the complex (initial composition 89% C6o and 11 % C1o) yielded 
material of 99.5% purity from which C6o was obtained. Soon after that both Atwood 
[112] and Shinkai [113] patented their results. More recently Isaacs and Atwood et al 
[114] have studied the interaction of p-benzylcalix[5]arene wit C60 as illustrated in 
Scheme 1.5 
By using a high-precision densitometry they measured the changes in spatial molar 
volumes on complexation. Their results showed that upon complexation, two toluene 
molecules are displaced from the cavity of the host by C6o. 
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+ 
p-benzyl calix[S]arene Adduct 
Scheme 1.5: Schematic illustration for the formation of the 1: 1 complex of p-
benzylcalix[S]arene and C6o. 
iii. Removal of halogenated hydrocarbons front water supplies 
The improvement of the microbiological quality of water supplies by chlorination was 
first discovered in 1974. This was accompanied by undesirable side reactions, i.e. the 
reaction of chlorine with naturally occurring humic and fulvic acids resulting in the 
formation of trihalomethanes. As a result, contaminants in water supplies with 
carcinogenic properties such as chloroform, dichlorobromoethane, 
chlorodibromomethane and bromoform (in the case of presence of bromide ion) were 
found. 
Wainwright [ 115] has reported the use of non-solvated calixarene compounds like p-
tert-butylcalix[ 6]arene for the removal of trihalomethane molecules. High rates of 
reaction leading to the formation of highly stable inclusion complexes were observed. 
1.9.4 Calixarenes as catalysts 
Several patents have been issued describing the catalytic properties of modified 
calixarenes in hydrolysis reactions. Representative examples of their catalytic 
properties include (i) the hydrolysis of 2,4-dinitrophenyl phosphate which is 
moderately catalysed by calixarenes carryingp-trimethylammonium groups [116]. (ii) 
the base-induced hydrolysis of p-nitrophenyl dodecanoate, which is dramatically 
catalysed by calix[ 4] and [ 6]arene salts bearing trimethylamino groups in the para 
position (Fig 1.15a) [117]. A study was carried out by Shinkai and co-workers [118] 
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for the use of calixarene catalysed addition reactions. This was achieved by the 
addition of water to 1-benzyl-1,4-dihydronicotinamide. In the course of these 
experiments, the use of p-sulfonatocalix[6]arene derivatives was tested (Fig 1.15b). 
Gutsche and Alam [26] investigated the entire series of p-carboxycalix[ 4-8]arenes 
(Fig 1.15c) as catalysts. 
The results revealed the advantages of the p-sulfonatocalix[6]arene over the p-
carboxycalix[n]arene as a catalyst for this reaction arising from the fact that the 
presence of high negative charge at the upper rim of the p-sulfonatocalix[ 6]arene 
results in the six sulfonato groups being held tightly in contrast with the more flexible 
carboxyethyl moieties. 
i) n=6; R=MeorOct 
ii) n=4; R=Me 
a 
n=S 
n=6 
n=7 
n=8 
n = 4-hydroxyphenyl-
propionic acid 
c 
R=H 
R = CH2C02H 
R =Me 
R = n-hexyl 
R = n-dodecyl 
b 
Fig 1.15: Structures of calixarene derivatives with catalytic properties. 
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1.9.5 Miscellaneous applications 
Heat resistant tough films (Langmuir-Blodgett films) based on novel calixarene 
derivatives (Fig 1.16) are obtained from modified methylcalix[n]arenes [119]. In such 
cases, the acetylation of methylcalixarenes results in derivatives which are insoluble 
in most solvents. The hexamer exhibited the highest solubilities in various organic 
solvents. The heat-resistant film (up to 400 °C) can be easily removed partially or 
entirely by organic solvents since the film-forming process does not involve any 
chemical modification of the calixarene. 
0 n 
' C-CH3 II 
0 
Fig 1.16: Calixarene derivatives used in the formation of hard and heat resistant films. 
i. Accelerators for instant adhesives 
Harris et al issued several patents [120-125] claiming that certain calixarene 
derivatives can be used as accelerants for cyanoacrylate instant adhesives. Therefore 
calixarene derivatives in Fig 1.17 have been shown to reduce bonding times on porous 
substrates such as paper, leather, fabrics and wools, from minutes to seconds .. 
Although it is not clear the mode of action of these derivatives, it is believed to 
involve the generation of 'naked' anionic initiators for the polymerisation, which 
involves the complexation of the counter-ion. 
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a 
R 
Y = (CH2CH20)m R 
R = alkyl 
n = 4-8 
m = 1-3 
b 
Fig 1.17: Calixarene derivatives used as accelerators for instant adhesives. 
ii. I on scavengers for electronic devices 
37 
Since ions such as Na+, K+ and cr can cause corrosion of tnetal components or 
tnalfunctioning of electronic devices, calixarene derivatives bearing ester or ketone 
substituents able to complex alkali-metal cations have been effective as metal cation-
immobilising additives for electronic encapsulants such as epoxides and silicones 
[126]. It was suggested that these modified calixarenes are as effective as 18-crown-6 
[127] in extracting unwanted metals cations. 
iii. Therapeutically and biologically active calixarene derivatives 
Cornforth and co-workers (128] were the first researchers to investigating the 
therapeutical properties of calixarene based compounds. They used oxyalkylated 
derivatives called 'macrocyclons'. Several patents [129, 130] show that certain 
derivatives exhibit anti-bacterial, anti-fungal, anti-cancer, anti-viral and particularly 
anti-HIV activities. 
Calixarenes have several other industrial applications, including their usage as 
photographic toners [131], hair dyes [132], diesel fuel additives [133], anti-static 
agents [134], antioxidants [135] and temperature sensing devices [136]. 
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Previous work canied out at the Thermochemistry Laboratory [137] on the 
complexation of 5, 11, 17,23-tetra-tert-butyl [25,26,27,28-tetrakis (2-pyridyl methyl)oxy] 
calix[4]arene and 5, 11, 17,23-tetra-tert-butyl [25,26,27,28-tetrakis (3-pyridyl methyl)oxy] 
calix[4]arene with metal cations in acetonitrile and benzonitrile at 298.15 K show that 
these ligands interact selectively with silver and alkali-metal cations in these solvents. 
This thesis explores the thermodynamics of complexation and selectivity of two novel 
ligands, 5,11,17,23 tetrakis (1,1 dimethylethyl) 25,27- bis [(2- methylthio) ethoxy] 26, 
28-bis [2-pyridyl methyloxy] calix[4]arene (Ll) and 5,11,17,23 tetrakis (1,1 
dimethyl ethyl) 25,27- bis [(2- methylthio) ethoxy] 26,28- bis [3- pyridyl methyloxy] 
calix[4]arene (L2) towards metal cations in two dipolar aprotic media at the standard 
temperature of 298.15 K. 
Ll 
s 
I 
/ 
L2 
Specifically, the goals of this work and the issues addressed in this thesis are as 
follows: 
i) To establish the cation receptor properties ofL1 and L2 for a variety of metal 
cations as well as the sites of interaction of these ligands with these cations in 
acetonitrile and benzonitrile at the standard temperature using 1H NMR 
studies. 
ii) To determine the stoichiometry of the complexation (in the cases where there 
is interaction) using conductimetry in the same solvent and at the same 
temperature. 
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iii) To evaluate quantitatively the strength of complexation of metal cations and 
Ll and L2 in acetonitrile using potentiometry and titration calorimetry (macro 
and micro). 
iv) To proceed with the isolation of the metal-ion complexes based on stability 
constant data. 
v) To study in detail the solution thermodynamics of the host, guest and resulting 
complex by determining their standard enthalpies of solution in the 
appropriate solvent using classical calorimetry. 
vi) To study the medium effect on the complexation process. This will be 
assessed by taking into consideration the transfer thermodynamic parameters 
of the reactants and the product involved in the complexation process. 
vii) Whenever possible the isolation of suitable crystals of metal-ion complexes 
for X-ray crystallographic studies. 
A brief summary of the layout of this thesis is as follows, 
The general experimental procedures followed in this work including list of chemicals 
and their sources, purification of solvents and chemicals, as well as the synthetic 
procedures used for the preparation of new ligands and their metal-ion complexes and 
a briefing on systems used in the investigation are given in Chapter 2. 
1H NMR. experiments, conductimetric studies, methodology used to derive the 
thermodynamics of complexation and solution which form the basis of the present 
research are described separately in Chapter 3. 
Finally, main conclusions and suggestions for future work are listed at the end of 
Chapter 3. 
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CHAPTER2 
GENERAL EXPERIMENTAL PROCEDURES 
2.1. List of chemicals and their abbreviations 
This section deals with chemicals, solvents, their abbreviations and sources used 
throughout the course of this research. Duplication of chemicals used in different 
sections is not listed unless a different manufacturer was used. Chemicals for the 
synthesis of lower rim calix[ 4 ]arene derivatives with mixed pendent arms are listed, 
the methods for the characterisation and identification of the synthesised ligands are 
shown as well as the purification methods of reagents and chemicals. 
2.1.1 Synthesis of lower rim calix[4]arene derivatives with mixed pendent 
arms ( L0-2). 
• Acetonitrile (MeCN), HPLC grade, Fisher Chemical Company. 
• Dichloromethane (DCM), SLC grade, Fisher Chemical Company. 
• N,N-dimethylformamide (DMF), HPLC grade, Fisher Chemical Company. 
• Diethylether, SLC grade, Fisher Chemical Company. 
• Ethanol, 96 %, Hayman. 
• Ethylacetate (EA), SLC grade, Fisher Chemical Company. 
• Hexane(Hex), SLC grade, Fisher Chemical Cotnpany. 
• Methanol (MeOH), SLC grade, Fisher Chemical Company. 
• Benzonitrile (PhCN), Fluka . 
• Tetrahydrofuran (THF), HPLC grade, Fisher Chemical Company. 
• Sodium hydride (NaB), dry 95 %, Aldrich Chemical Company. 
• 18-crown-6, 99 %, Aldrich Chemical Company. 
• p-tert-Butylcalix[4]arene, Aldrich Chemical Company. 
• 2-Chloroethylmethyl sulphide, 97 %, Aldrich Chemical Company. 
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• 2 -Chloromethyl pyridine hydrochloride (PyrCl-HCl), Aldrich Chemical 
Company. 
• 3 -Chloromethyl pyridine hydrochloride (PyrCl.HCl), Aldrich Chemical 
Company. 
2.2. Purification 
2.2.1. Purification of solvents 
• Acetonitrile. HPLC grade acetonitrile was refluxed in a nitrogen atmosphere and 
distilled from calcium hydride (CaH2). Only the middle fraction of the solvent was 
collected 1. Its water content determined by the Karl Fisher titration method was 
not more than 0. 02 %. 
• Benzonitrile. Benzonitrile was charged with anhydrous calcium chloride (CaCb); 
the solvent was siphoned into a distillation unit, refluxed and vacuum distilled 
over phosphorous pentoxide (P 4010). The middle fraction was redistilled from a 
flask containing bumping stones, thereby removing any traces of P 40 10 present 
from the first distillation [1]. Its water content was determined by the same 
procedure as that described for acetonitrile and found to be less than 0.01 %. 
• N, N-dimethylformamide. The commercially available solvent was dried over 
4A molecular sieves and subsequently distilled under reduced pressure. The 
middle fraction of the distilled solvent was used [1]. Its water content determined 
by the same procedure as described for acetonitrile was less than 0.02 %. 
• Tetrahydrofu•·an. Tetrahydrofuran was dried over a sodium metal wire for 24 
hours. The solvent was carefully decanted into a clean distillation unit, whereupon 
benzophenone and a sodium metal wire were added, which in dry conditions 
created a deep blue potassium I benzophenon ketyl complex. Its water content 
determined by the same procedure as described for acetonitrile was less than 
0.02%. 
. - -· -·- --------------------. 
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2.2.2. Purification of reagents 
• Metal-ion perchlorate salts from Aldrich, were dried over P 4010 under vacuum for 
several days. 
• Potassium chloride from Fisher, was twice re-crystallised from distilled water and 
dried in a drying pistol at 3 93 K for three days before use. 
• All chemicals used for the synthesis and tetra-n-butylammonium perchlorate 
TBAP, Fluka (electrochemical grade, ｾ＠ 99 %) ), were used without further 
purification. 
2.3 Characterisation 
1H NMR and 13C NMR measurements were obtained for each of the synthesised 
ligands in order to proceed with their structural characterisation in solution. 
Microanalysis was carried out for each compound and whenever possible X ray 
crystallographic studies were performed for the characterisation of the ligand in the 
solid state. Chemicals used to carry out these experiments are as follow, 
• Deuterated chloroform CDCh, Aldrich Chemical Company. 
• Tetramethylsilane (TMS), Aldrich Chemical Company. 
2.4 Thermodynamic studies 
Thermodynamic studies using several methods were carried out (solubility, 
conductance, potentiometry, calorimetry and 1H NMR) in order to characterise the 
interactions taking place in different media. The chemicals used to carry out these 
experiments are as follows: 
• Potassium chloride, KCl, Fisher Chemical Company. 
• Lithium perchlorate, LiCI04, Aldrich chemical Company. 
• Sodium perchlorate, NaCl04, Aldrich chemical Company. 
• Potassium perchlorate, KCI04, Aldrich chemical Company. 
• Rubidium perchlorate, RbCI04, Aldrich chemical Company. 
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• Silver perchlorate, AgCl04, Aldrich chemical Company. 
• Lead perchlorate, Pb(Cl04)2, Aldrich chemical Company. 
• Cadmiutn perchlorate, Cd(CI04)2, Aldrich chemical Company. 
• Benzonitrile 99%, Aldrich Chemical Company. 
• Deuterated acetonitrile CD3CN, Aldrich Chemical Company. 
• Magnesium perchlorate, Mg(Cl04)2, Aldrich Chemical Company. 
• Calcium perchlorate, Ca(Cl04)2, Aldrich Chemical Company. 
• Strontium perchlorate, Sr(Cl04)2, Aldrich Chemical Company. 
• Barium perchlorate, Ba(Cl04)2, Aldrich Chemical Company. 
• Cobalt perchlorate, Co(Cl04)2, Aldrich Chemical Company. 
• Nickel perchlorate, Ni(Cl04)2, Aldrich Chemical Company. 
• Copper perchlorate, Cu(Cl04)2, Aldrich Chemical Company. 
• Zinc perchlorate, Zn(CI04)2, Aldrich Chemical Company. 
• Tetra-n-butylatnmonium perchlorate TBAP, electrochemical grade Ｈｾ＠ 99 %), 
Fluka Chemical Company. 
• Silver perchlorate AgCl04, 99.9 %, Aldrich Chemical Company. 
2.5 Synthesis and characterisation of lower rim calix[4]arene derivatives 
containing soft donor atoms. 
2.5.1 Preparation of 5,11,17 ,23-tetrakis-(1,1-dimetltylethyl)-25,27 -dihydroxy-
26, 28- bis [2-( methylthio )ethoxy] calix[ 4] arene [LO] 
( OH 
s 
I 
This ligand was prepared following the procedure reported by research workers at the 
Thermochemistry Laboratory Surrey University [2] by: adding p-tert-butyl-calix[ 4] 
arene (8.5 g), 18-crown-6 (0.6 g) and K2C03 (6.8 g) to freshly distilled acetonittile 
(150 ml). The mixture was stirred for 15 minutes under a nitrogen atmosphere. Then 
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z ... chloroethylmethyl sulphide (5 gl) was introduced. The reaction mixture was then 
refluxed for 12 hours at 90°C. The reaction was monitored by T.L.C using a hexane: 
ethylacetate ( 4: 1) mixture and a dichloromethane: methanol (9: 1) mixture as the 
developing solvents. 
After cooling, the solvent was removed under vacuum using a rotary evaporator. The 
viscous residue was dissolved and extracted twice with a saturated solution of 
NaHC03, HCl (2 mol dm-3) and distilled water respectively. The organic layer was 
dried using MgS04. It was then filtered and the solvent was removed by rotary 
evaporation. The product was re-crystallised twice from an ethanol: dichloromethane 
(4:1) mixture. The solid was dried under vacuum at 393 K. 
The afforded product (6.5 g, 65 %) was characterised by elemental analysis, and 1H 
NMR spectroscopy. m.p.: 225-227°C. Elemental analysis for C50H680 4S2 calculated: 
C, 75.33; H, 8.60 %. Found: C, 75.31; H, 8.89. 
1H NMR CDCh 300 MHz: o (ppm) 7.06, 6.75 (s, 4H, ArB), 7.02 (s, 1H, OH), 4.31 
(d, J = 13.02 Hz, 2H, ArCHzAr), 4.13 (t, J = 6.9 Hz, 2H, OCH2), 3.32 (d, J = 13.07 
Hz, 2H, ArCH2Ar), 3.06 (t, J = 6.9 Hz, 2H, SCH2), 2.29 (s, 3H, SCH3), 1.29, 0.92 (s, 
ISH, C(CH3)3). 
2.5.2 Synthesis of 5,11,17,3-tetrakis(1,1-dimethyletbyl) 25,27-bis[2-(metbyl thio) 
ethoxy) 26,28-bis [(2-pyridyl methyl) oxy] calix[4]arene (L-1). 
Ligand L-1 was prepared by the addition of [L] 5,11,17,3-tetrakis (1,1-dimethylethyl) 
25,27-bis [2- (methylthio) ethoxy] 26,28 -his [2-(methyl thio) ethoxy] calix [4] arene 
(2.1 g) and dry NaH ( 0.64g). These were stirred with a mixture of freshly distilled 
THF (150 ml) and DMF (40 ml) for 15 minutes under a nitrogen atmosphere. Then 2 
-chloromethyl pyridine hydrochloride (2.6 g) was added gradually. The reaction 
mixture was refluxed at 90°C for 24 hours. The reaction was monitored by T .L. C 
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using hexane: ethylacetate ( 4: 1) and dichloromethane: methanol (9: 1) mixture as 
developing solvents. 
After cooling, the solvent was removed using a rotary evaporator. The residue was 
then dissolved and extracted three times with dichloromethane and distilled water. 
The organic layer was dried using magnesium sulphate (MgS04). After filtration, the 
solvent was removed again using a rotary evaporator. The viscous residue was 
dissolved and treated with activated charcoal for further purification. After filtration 
and cooling, white crystals were obtained and were re-crystallised from an ethanol: 
dichloromethane ( 4: 1) mixture. The solid was dried at 100 o C. 
The afforded product (2.3g, 89.65 %) was characterised by elemental analysis, 1H 
NMR and 13C NMR spectroscopy. m.p. 256-258°C. Elemental analysis for C62H1s04 
N2S2calculated: C, 76.03; H, 8.03;N, 2.78 %. Found C, 76.09;H, 8.18; N, 2.78 %. 
1H NMR CDCh 300 :MHz: B (ppm) 8.66 (d, J = 4.1, 1. 7,0.8, Hz, 2H, 6-PyH), 7.67 (t, J 
= 7.7Hz, 2H, 3-PyH), 7.63 (d, J = 7.6,1.7 Hz, 2H, 4-PyH), 7.26 (t, J = 6.5, 2.6, Hz, 
2H, 5-PyH), 7.12, (s, 4H, ArH), 6.48 (s, 4H, ArH), 4.82 (s, 4H, OCH2Py), 4.02(t, J = 
7.47 Hz, 4H, SCH2CH2), 3.19 and 4.4 (d, J=l2.6 Hz, 8HArCH2Ar), 2.79 (t, J = 5.25 
Hz, 4H, SCH2CH2), 1.84 (s, 3H, SCH3), 1.34, 0.84 (s, ISH, C (CH3)3, ). 
13C NMR; B (ppm), 157.49 (C2), 154.08, 152.22, (s, Ar, 25, 26, 27, 28), 149.77, (C6) 
145.46, 144.88, (5, 11, 17, 23), 136.68 (C4), 135.70, 132.06, (s, Ar, 1, 3, 7, 9, 13, 15, 
19, 21), 125.84, 124.91, (s, Ar, C-H), 123.62, (C3), 123.15, (C5), 79.34, (OCH2Py), 
73.30, (CH2CH2S), 34.31, 33.83,(C(CH3)3), 32.55, (CH2CH2S), 31.92, 31.39, 
(C(CH3), 31.33, (ArCH2Ar). 
The crystal structure for this ligand was determined at the Institute de Fisica de Sao 
Carlos, Universidad de Sao Paulo, CP 369, 13560 Sao Carlos (SP), Brazil. These 
results confirmed the structure in the solid state of ｃＶＲｈＷｳＰｾＴｓＴ＠ etc (see 
experimental method and X-ray crystallographic results respectively 3 .2.2). 
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2.5.3 Synthesis of 5,11,17 ,3-tetrakis (1,1-dimethylethyl) 25,27 -bis [2- (methyl 
thio) ethoxy] 26,28-bis [(3-pyridyl methyl) oxy] calix[4]arene (L-2). 
( ｾＨ＠
I ｾｾ＠
L2 
Ligand L-2 was prepared according to the procedure described for L-1 using 3-
chloromethyl pyridine hydrochloride (2.6 g, 0.17 mol). The afforded product (2.3g, 
88.7 %) was characterised by elemental analysis, 1H NMR and 13C N1v.IR 
spectroscopy. m.p.; 247-249 °C. Elemental analysis for C62H1s04 N2S2 calculated: C: 
76.03, H: 8.03, N: 2.78 %. Found: C: 76.03, H: 8.10, N: 2.84 %. 
1M1 ｾ＠ 2 
0 
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Fig 2.1 1HNMRfor 5,11,17,3-tetrakis (1,1-dimethylethyl) 25,27-bis [2-(methylthio) 
ethoxy] 26,28-bis[(3-pyridyl tnethyl) oxy]calix[4]arene (L2) in CDCh at 
298.15 K 
1H NMR CDCh 300 MHz: o (ppm) 8.65 and 8.63 (s+t, J = 5.5, 4.7, 1.6 Hz 2-PyH, 6-
PyH 2H, 2H), 7.81 (d, J = 7.6, 1.6 Hz, 2H), 7.34 (d, J = 7.63, 4.8 Hz, 2H, 5-PyH), 
7.04 (s, 4H, ArH), 6.5 (s, 4H, ArB), 4.77 (s, 4H, OCH2Py), 4.02 (t, J = 7.47 Hz, 4H, 
.... ... Ｍ ﾷﾷﾷ Ｍ ﾷ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
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SCH2CH2), 4.24, 3.1 (d, J = 12.51 Hz, 8H ArCH2Ar), 2.77 (t, J = 4.16 Hz, 4H, 
SCH2CH2), 1.92 (s, 3H, SCH3), 1.28, 0.87 (s, ISH, C(CH3)3) . 
I J, I j 
.. 
" 
... .. II 
Fig 2.2 13C NMRfor 5,11,17,3-tetrakis(1,1-dimethylethyl) 25,27 -his[ 2-(methyl-
lthio) ethoxy] 26,28-bis [(3-pyridyl methyl) oxy] calix[4] arene (L-2) in 
CDCb at 298.15 K 
l 
.... 
13C NMR; o (ppm) 153.62, 151.76, (s, Ar, 25, 26, 27, 28), 150.90, (C2), 149.89, (C6), 
145.56, 145.10, (5, 11, 17, 23), 137.30, (C4), 135.14, 133.06, (s, Ar, 1, 3, 7, 9, 13, 15, 
19, 21), 132.31, (C3), 125.74,125.03, (Ar, C-H), 123.72 (C5), 73.41, (CH2CH2S), 
34.26, 33.87, (C(CH3)3), 32.60, (CH2CH2S), 31.83, 31.32, C(CH3), 
2.6 X-ray crystallography 
Crystal data: data of 5, 11,17 ,3-tetrakis(l, 1-dimethylethyl ) 25,27 -bis[2- (methyl thio) 
ethoxy] 26,28-bis [(2-pyridyl methyl) oxy] calix[4]arene L-1 and its sodium and 
acetonitrile complexes were determined by X-Ray diffraction. This was carried out 
by Dr. 0 . E. Piro, University of La Plata and Prof. E. E. Castellano, Instituto de 
Fisica de Sao Carlos, Universidade de Sao Paulo, Brazil. Crystal data, data collection 
procedure, structure determination methods and refinement results for the parent 
ligand and its complex are summarised in Chapter 3 (Table 3.4, Figs 3.4 and 3.23) 
respectively. 
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2. 7 Nuclear magnetic resonance measurements 
2. 7.1 1H NMR measurements 
1H NMR measurements were recorded at 298 K using a Broker AC-300E pulsed 
Fourier transform NMR spectrometer. Typical operating conditions for routine proton 
measurements involved 'pulse' or flip angle of 30°, spectral frequency (SF) of 
300.135 MHz, delay time of 1.60 s, acquisition time (AQ) of 1.819 s, and line 
broadening of 0. 55 Hz. 
1H NMR measurements characterising the novel ligands consisted of samples Ｈｾ＠ 5 
mg) dissolved in deuterated chloroform and then placed in 5 mm NMR tubes using 
TMS (tetramethylsilane) as the internal reference. 
2.6.2 13C NMR measurements 
13C measurements were carried out with the same instrument as the proton 
experiments. Typical operating conditions for routine carbon measurements are 
usually accompanied by a DEPT-135 multi-pulse spectral editing experiment. This 
involved a spectral frequency (SF) of 75.47 MHz, delay time of 0.30 seconds, 
acquisition time (AQ) of0.70 s, and line broadening of 1.40 Hz. 
Samples of the novel ligands ( ｾ＠ 15 mg) prepared in deuterated chloroform were then 
placed into a 10 mm broad-band probe. Assignment and connections between the 
carbon and proton spectral peaks were improved by simple (magnitude calculation) 
proton I carbon correlation, two-dimensional experiments. 
2.8 Solubility measurements 
For these measurements, an excess amount of the ligand was added to the appropriate 
solvent. These were placed in a thermostat bath at 298.15 K for several days to reach 
equilibrium. Then from each sample, a known volume of the saturated solution was 
placed into a porcelain crucible and analysed gravimetrically. The solution was 
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evaporated and the solid was dried until constant weight. All analyses were performed 
in triplicate. 
Solvate formation in all solvents was tested by placing small amounts of the 
compound in a desiccator over a saturated atmosphere of the selected solvent [3]. The 
samples were weighed from time to time to check for any uptake of solvent. The same 
procedure was carried out for the determination of 8sH from solubility measurements 
at different temperatures using the van't Hoff equation [4,5) (eq 2.1) 
M! log10 K = Const.----2.303RT 
2.9 Conductomet .. ic measu .. ements 
2.1 
Conductance measurements provide information about ion-ion and ion-solvent 
interactions in electrolyte solutions, as well as the ion mobility and the extent of ion-
pair formation. The conductometric method is commonly used to determine the 
behaviour of the electrolytes in solution as well as the extent of complexation and the 
stoichiometry between macrocycles and metal cations in solution. A variation in the 
electrical conductance for the electrolyte by the addition of ligand at different 
concentrations can be used to assess the interaction taking place between the ligand 
and the metal cation. 
The shape of the conductotnetric titration curve, a plot of molar conductance Am 
against the ligand I metal cation ratio, LIMn+ provides an indication about the strength 
of complexation between a ligand and a metal cation in solution. Three types of 
conductmetric titration curves can be obtained as described below, 
i) For strong complexes there is a distinctive change in the variation of the 
conductance with two straight lines intersecting at the stoichiometry of the 
reaction. 
ii) For weak ｣ｯｮｾｰｬ･ｸ･ｳ＠ less pronounced changes are observed in the conductance as 
the metal cation: ligand ratio is altered. As a result it is only possible to obtain the 
stoichiometry of the reaction by extrapolating the slopes. The intersecting points 
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before and after the reaction has taken place, corresponds to the stoichiometry of 
the complex. 
iii) For ve1y weak con1plexes or lack of complexation, no significant changes 
are observed and subsequently the stoichiometry cannot be determined 
with this method. 
2.9.1 The apparatus 
The conductometric apparatus used in this part of the work (see Figure 2.3) is divided 
into two components: 
i) The Wayne-Kea·r Autobalance Universal Bridge, type B642. This is an 
autobalance ratio arm bridge which measures capacitance and conductance. 
ii) The conductance cell. 
Capacitance and conductance readings are displayed on two meters during the 
measurements. Each meter has eight decades, four for capacitance, and four for 
conductance. Each decade is provided with a readout for each decade. Small signal 
lamps are placed between the decade control knobs to indicate the decimal points. The 
control knobs are selected automatically by operation on the range switch. The 
sensitivity of the instrument can be adjusted manually by setting the meter sensitivity 
switch to one of the three manual positions. The meter sensitivity switch is then set to 
an "auto" mode and the sensitivity will change automatically. The accuracy of the 
bridge was found to be 0.1% and this was determined using internal sources [6]. 
Calibration of the bridge was achieved by recording the bridge reading at balance 
positions for different standard resistance E (as shown in the operating Instruction 
Manual for this apparatus). 
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AC detector 
Conductivity cell 
Fig 2.3: Schematic diagram of the conductivity cell in a Wheatstone circuit 
2.9.2 The conductance cell 
The conductance cell consists of a 50-ml cylindrical vessel as well as a compact glass-
bodied Russell electrode unit. The latter consists of two platinum square plates bound 
to the inside of a glass support tube. A flow of nitrogen was passed through the 
solution to provide the necessary stirring, as well as to keep the solvent free of C02. 
The conductivity of the electrolyte solution in question was measured by making the 
cell unit one of the resistance bridge arms, which subsequently finds its balance point. 
In order to avoid electrolysis and polarisation that occur when a direct current is used 
(causing the charging of the layers of the solution in contact with the electrode), an 
alternating current was used. This works by undoing the charge that occurs on OJ:?.e 
half of the cycle during the second half of the alternating waveform. 
2.9.3 Determination of the cell constant 
The Jones Bradshaw method [7] was used to determine the cell constant, e. An 
aqueous solution of KCl (0.1 mol ､ｭｾ Ｓ Ｉ＠ was injected in step additions to the 
conductometric cell containing de-ionised water. The conductance cell was kept in a 
thermostat bath at 298.15 K. 
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The cell constant was derived by calculating the molar conductance Am (S cm2 mor1) 
using the equation ofLind, Zwolenik and Fuoss [8] ( eqn2.2). 
Am= 149.43-96.45. c 112 + 5874. c. log c + 198.4 .c 2.2 
In eqn 2.2, c is the molar concentration (mol· dm-3) of the KCl solution used. The 
molar conductance, Am, is defined in eqn 2.3. 
A = 1000K 
m C 
2.3 
In this equation, K denotes conductivity. By substitution ofK = s.e (Sis the reciprocal 
of the resistance) the above equation takes the following form: 
0= Amc 
IOOOS 
From this equation, the cell constant e (cm-1) was calculated. 
2.10 Preparation of Calixarene salt complexes 
[2.4] 
2.10.1 Preparation and isolation of the litltiu1n complex of5,11,17,3 tetrakis (1,1-
dhnethylethyl)25,27-bis[2-(methylthio )ethoxy]26,28-bis[2-pyridyl methyl) 
oxy] calix [4] arene using perchlorate as the counter-ion. 
This was accomplished by mixing equal number of moles of ligand and the salt in 
acetonitrile. The mixture was stirred and heated at 50°C for half an hour until a clear 
solution was obtained. The final product was re-crystallised from an ethanol: acetone 
(4:1) mixture. -Microanalysis was carried out at Surrey University. 
Element Calculated o/o Found o/o 
C62H1s04 N2S2 
c 68.58 68.44 
H 7.24 7.36 
N 2.58 2.96 
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2.10.2 Preparation and isolation of the sodium complex of5,11,17,3 teta·akis (1,1-
dhnetbylethyl) 25,27 -bis [2- (In ethyl thio) etboxy] 26,28 -his [2-pyridyl 
methyl) oxy] calix [4] arene. 
The same procedure carried out for the preparation of the 5, 11, 17,3 tetrakis ( 1, 1-
dimethylethyl) 25,27 -bis [2- (methyl thio) ethoxy] 26,28 -bis [2-pyridyl methyl) oxy] 
calix [4] arene complex with LiCl04 was used for the preparation of the sodium 
perchlorate complex. 
Element Calculated % Found% 
C62H7s04 N2S2 
c 67.58 67.67 
H 7.14 7.33 
N 2.54 3.53 
2.11 Potentiometric measurements 
Potentiometry is one of the most powerful techniques currently used for the 
determination of stability constants involving complexes of tnetal cations with 
macrocyclic ligands. In this method, the measured quantity is the potential developed 
on a selective electrode measured against an approptiate reference electrode. This 
potential is directly proportional to the logarithm of concentration (activity) of the 
metal-ion and therefore a wide range of concentrations (activities) can be successfully 
used for the determination of metal-ion concentrations. 
This method has been extensively used by Cox and Schneider [9] for measuring the 
stability constant of metal cations and macrocyclic ligands in solution. An important 
aspect to consider when carrying out potentiometric titrations is the use of a suitable 
electrode, which can reversibly react with an appropriate metal-ion in solution. 
In the potentiometric titrations reported in this thesis, a reversible silver selective 
electrode was used and the potential difference against a silver I silver chloride 
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electrode was measured. Its potential relative to the reference electrode is suitably 
described by the Nemst equation, eqn 2.5: 
0 RT 
EA +tA = E Ag+tAg + --lnaA + g g nF g 2.5 
In this eqn, R , T, F and n are the gas constant, the tetnperature in K, the Faraday 
constant and the number of electrons in the redox process ( n = 1 for Ag l 
respectively. The value ofE0 (standard electrode potential) can be determined by two 
different methods. The first method employs a standard hydrogen electrode to 
establish the potential of the reference electrode relative to the standard. The second 
method involves a direct measurement of the potential difference between the silver 
electrode and the reference electrode when both are immersed in a solution having a 
known silver ion activity. The latter, known as calibration, was used tlrrough this 
work as it can efficiently eliminate eiTors due to liquid junction potential effects or 
possible non-ideal operation of the applied electrodes. 
The same electrode can also be used for the dete1mination of the stability constants of 
the metal-ion complexes other than silver. For this reason, the free silver ion 
concentrations were measured in the presence of a competitive equilibrium between 
both, the silver (to which the electrode responds), and the metal under investigation. 
The equilibrium constant for the competitive reaction is a function of stability 
constants of silver and the competitive metal cation. 
Cox and Schneider[l0-13] have extensively used the competitive potentiometric 
method for the determination of stability constants of cryptands with metal-ions in 
non-aqueous solvents. Four of the essential conditions that have to be satisfied in 
order to obtain accurate measurements during a competitive potentiometric reaction 
[9] are summarised as follows; 
i) The stability constant of the competitive metal-ion complex should be 
preferably lower than that of the coiTesponding silver-ion complex and must 
not be more than one or two orders of magnitude larger. 
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ii) The metal ion should be titrated into a solution of Ag + together with the ligand 
especially when the ligand and the metal-ion form a stable complex. 
iii) Titrations should be performed in the presence of an inert salt like TBAP, it is 
essential that a constant ionic strength is maintained in order to avoid 
cotrection for activity coefficients. 
iv) The effect of strong ion-pair formation needs to be taken into consideration 
for reactions can-ied out in high concentration media. 
The following Section gives a detailed description of the apparatus used (Section 
2.1 0.1 ), followed by discussion of the principles involved in the competitive 
potentiometric method (Section 2.1 0.2). The mathematical treatment of the 
potentiometric data for the determination of stability constants (Section 2.10.3) is also 
given. 
2.11.1 The Metrohm, 716 DMS Titrino automatic potentiometer 
The potentiometric experiments were carried out using the equipment and 
electrochemical cell shown in Figs 2.4 and 2. 5. The potentiometer consists of a 
compact automatic titration processor which delivers to the titration vessel according 
to the experiment set-up and reads the changes in the potential during the experiment. 
The accuracy is in the ± m V range. Both electrodes are connected to the titration 
processor. The Ag + I AgCl double junction reference electrode (Metrohm) contains an 
inner electrolyte solution of LiCl in ethanol. This is separated from the titration cell 
using a salt bridge containing TBAP solution (0.05 mol dm-3). 
The titration cell is a glass vessel wrapped in a thermostat jacket to maintain the 
temperature at 298.15 ± 0.05 K. This was supported on a built up magnetic stin-er 
stand which enables the solution in the vessel to be continuously stirred throughout 
the experiment. 
A constant ionic strength was maintained by using TBAP at a substantially high 
concentration (0.05 mol dm-3) in comparison with the concentration of the silver and 
the corresponding metal cation under investigation. 
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Working 
Electrode 
Reference 
Electrode 
Mognetio 
Stirrer 
716 DMS TUrlno 
Fig 2.4: Schematic description of the potentiometric apparatus 
Ag+(MeCN) AgCl<s> 
MeCN, 0.05 M TBAP 
MeCN, 0.05 M TBAP iCl(sat. in EtOH) 
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Fig 2.5: Block diagram featuring the electrochemical cell used for the 
potentiometric titrations. 
2.11.2 The competition potentiontetric method using the silver electrode 
For the competitive titration process, the titration vessel was filled with a solution of 
TBAP (20 ml, 0.05 mol dm-3) in acetonitrile allowing a period of -30-minutes to 
reach equilibrium. The procedure involved three steps described as follows: 
2.11.3 Determination of the standard potential {E0 ) of tile cell 
This was carried out in order to establish the Nemstian behaviour of the electrode. 
Specifically, a fresh solution of the silver perchlorate was prepared in acetonitrile 
(l.Sxl0-3 mol dm-3) and this was added in 12 steps into the titration vessel containing 
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a solution of TBAP (20 cm3, 0.05 mol ､ｭｾ Ｓ Ｉ＠ in acetonitrile. The potential changes 
were then plotted against -log [Ag+]. The standard potential (E0 ) of the system was 
derived fi·om the intercept of the linear response of the potential against the logarithm 
of the concentration of the silver ions, as shown in the following equation, 
2.5 
In eqn 2.5, E 0 is standard potential value of the intercept of this plot, whereas the 
value 0.0591 Vis the Nemst constant value at 298.15 K for n = 1. 
2.11.4 Determination of the stability constant for the complexation of silver and 
the calixa1·ene derivative in acetonitrile at 298.15 K. 
For the determination of the stability constant of the silver cation, a fresh solution of 
the ligand in acetonitrile was titrated to an excess of the silver solution in the vessel. 
This led to the formation of the silver-calixarene cotnplex. During the titration 
experiment the potential, E of the cell decreases as silver ions complex with L 1, 
according to the Nemst equation. The stability constant for the complexation of L1 
with the silver cation was determined as detailed below. The first reaction under 
investigation is the complexation of the silver cation with Ll represented by eqn 2.6 
Ag+(MeCN)+L(MeCN) K, ) Ag+L(MeCN) 2.6 
The equilibrium constant for the complexation process is expressed in terms of 
concentration since the presence of the supporting electrolyte maintains the ionic 
strength constant and the activity coefficients will not change and can be replaced by 
concentrations. Thus the equilibrium constant was calculated using eqn 2.7, 
2.7 
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In eqn 2.7, [Ag+], [L] and [Ag+L] are the concentrations on the molar scale ofthe free 
silver, the ligand and the metal- ion complex respectively. 
The total concentration of the silver ions, [Ag+] T can be calculated from eqn.2.8, 
2.8 
By re-arranging the above equation it follows that, 
2.9 
The total concentration of the calixarene, [L ]T 
2.10 
By re-arranging the above equation the concentration of the ligand at equilibrium is 
calculated from eqn.2.11 
2.11.5 Competitive potentiometric titration between the silver complex 
and a second metal cation. 
2.11 
A fresh solution of the metal cation (in excess) under investigation in acetonitrile was 
titrated into the titration vessel containing the silver metal-ion complex. The reaction 
taking place is described in eqn. 2.12. The formation of the metal-ion calixarene 
complex led to an increase in the activity of the free silver ion displaced from its 
complex as shown below, 
Ag+L(MeCN)+M+(MeCN) K .. )M+L(MeCN)+Ag+(MeCN) 2.12 
The equilibrium constant, K2 for this process expressed in terms of concentrations is 
given by eqn.2.13 
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K _ [ M + L ][ Ag + ] 
2 
- [Ag + L] [M +] 
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2.13 
In order to calculate K2, it is necessary to determine the equilibrium concentrations of 
each of the species involved in eqn. 2.13, 
2.14 
2.15 
2.16 
The concentration of the free silver-ion is calculated from eqn. 2.5, through the 
Nemst equation. This value therefore was used to determine [Ag+ L] from eqn.2.14. 
To calculate the concentration of the free ligand at equilibrium, eqn.2. 7 is rearranged 
as follows, 
2.17 
Eqns 2.15 and 2.16 are used to calculate the equilibrium concentrations ｯｦｾ＠ and 
M: respectively. Having determined [M:L], [Ag+], [Ag+ L1] and [M:], eqn 2.13 is 
used to determine the K2 value associated to the process described in eqn.2.12, 
Combination of eqns 2. 6 and 2.12 leads to the process shown in eqn.2.18 referred to 
the complexation between the metal cation, M: and the ligand to give the metal-ion 
｣ｯｭｰｬ･ｸＬｾ＠
M+(MeCN)+L1(MeCN) K.r >M+Ll(MeCN) 2.18 
Finally combination of eqs.2. 7 and 2.13 leads to the stability constant, Ks for the 
process defined in eqn.2.18, 
[M 2 + Ll] K = .......;.;;..._ _ --"'--
s [M 2+] [Ll] 
2.19 
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2.12 Calorintetric measurements 
2.12.1 Titt·ation microcalorimetry 
Titration microcalorimetry is a teclmique developed and applied extensively for the 
determination of the heat associated with slow processes and hence it is able to follow 
the reactions to their full completion. The main parts of the four .. channel conduction 
microcalorimeter (Thermometric 2277) designed by Suurkuusk and Wadso [14] 
consist of four channels (which can operate independently from each other) and a 
thermostat water bath which can hold up these channels. 
This type of calorimeter is characterised by long-term baseline stability and high 
sensitivity which means that small amounts of samples are required for titration 
reactions. Figs 2. 6 and 2. 7 show schematically the type of heat conduction calorimeter 
used in part of this work. A brief account of the design is given below. The 
calorimeter (Fig 2.6) is made up of two aluminium cylinders (C and E) which serve as 
the main heat sinks. 
c 
ｾＭＭＭｴＭＹ＠
....... (L-.-f----t- h 
Fig 2.6: The four channel heat conduction calorimeter (14) a: electronic console, b: 
inner lid, c: outer lid, d: water bath, e: twin calorimeter, f: pump outlet 
tube, g: polyurethane foam insulation, h: centrifugal pump. 
'i.1 
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These enclose the twin calorimetric unit (d) and the whole system is suspended inside 
a steel vessel (f). This steel container is immersed into a water bath at a constant 
temperature (± 1 x 1 o·4 K). The twin calorimetric unit (d) consists of two holders for 
insertion vessels (ampoule holders, 1). Each ampoule holder is surrounded by two 
semi-conductive Peltier elements (thermopiles) which form thermal bridges to the 
small aluminium blocks, i. 
The calorimetric vessel inserted in one of the ampoule holders is surrounded by the 
thermopiles through which heat is conducted to or from the surrounding heat ·sink ( c 
and e). The thermopiles in the reference vessel placed in the second ampoule holder 
are connected in opposition to the thermopiles in the reaction vessel as shown in Fig 
2. 7. The voltage from the thermopile is proportional to the temperature difference 
between the vessel and the heat sink. Thus the voltage - time integral is proportional 
to the amount of heat transported to or from the calorimetric vessel. Calibration 
heaters are placed in the middle section of the ampoule holder, n. 
The titration - perfusion vessel shown in Fig 2. 8 is the type of vessel developed for 
use in titration, mixing and dilution experiments. Fig 2. 8 b shows a diagram of the 
vessel inserted into the calorimeter at the measuring position. The vessel is 
transferred to its measurement position stepwise; the tlu·ee thermostating positions are 
indicated. The equilibration time required was about 40 minutes. If the vessel has 
been introduced to the lower thermostating position too fast, the block temperature 
may be considerably disturbed. Equilibration times amounting to several hours may 
then be added in order to reach a constant baseline value. 
The type of vessel used in the present work was a stirred titration vessel (3 ml) made 
fi·om acid-proof steel. Reagents were injected by the use of Hamilton syringes 
positioned in computer-operated drive units. Thin stainless steel hypodermic needles, 
permanently fixed to the syringes, reached directly into the calorimetric vessel. The 
calorimetric signal was measured by digital voltmeters that were part of a 
computerised recording system. 
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E 
D 
c 
Fig 2.7: Twin calorimetric channel [13] C and E are main heat sinks and Dis the twin 
calorimetric unit. a and g, Ryton connecting tubes; b, lid; c and d, steel 
tubes; e, steel lid; f, steel vessel; h, i and j, aluminium blocks; k, steel 
spring; 1, ampoule holder; m, Peltier elements; n, calibration 
Fig 2.8: 
0 
E 
c 
A 
(a) (b) 
c 
d _, 
0 -2 
f 
d 
-3 
The titration- perfusion vessel (a) and vessel in measurement position 
(b) [14] C and E, heat sinks (see Fig 2.7). a: titration tube, b: stirrer 
motor, c; plastic tube, d: steel tubes, e and f brass bolts, g and h; 
sample compru.1ment, I; aluminium cylinder. Arrows indicate the three 
thermostating positions (see text). 
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Efficient stirring of the vessel content is very important. Fig 2.9 shows three different 
types of stitrers often used. Type b used in this work, was a turbine stirrer, which 
circulates the liquid inside the vessel according to the pattern indicated in the Fig 2. 7. 
I - _, 
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Fig 2.9: Different types of stirrers used in the reaction vessel (14) 
2.12.1.1 Calibration of the four channel heat conduction microcalorimeter 
The accuracy of the microcalorimetric system was checked by calibrating the 
apparatus. This involved the calibration of the syringe and the electrical as well as the 
chemical calibration of the microcalorimeter. 
(i) Calibration of the Hantilton gas-tight syringe 
The Hamilton syringe (500 J.!l) was calibrated by accurately measuring the weight of 
water delivered by it. For this purpose, distilled water was injected from the syringe 
(driven by an electrical motor) into a sealed vial through the use of a hypodermic 
needle. The mass of water injected was measured to the fifth decimal place using an 
electronic balance. 
The calibration result obtained for one Hamilton syringe used in part of this work was 
found to be 41.36 ± 0.04 J.!l. 
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(ii) Electrical calibration qf the n1icrocalorimeter 
An electrical calibration was carried out to ensure that the heat generated by the 
calibration resistor is equal to the heat measured by the instrument. This should be 
preformed irrespective of type of application. The calibration is usually performed by 
measuring the amount of heat generated by the precision calibration heater resistors 
built into the bottom of the measuring cup of the calorimeter. 
(iii} Chenlical calibration qf the nlicrocalorin1eter 
A chemical calibration was performed to check the validity of the electrical 
calibration. This was carried out in the Thermochemistry laboratory using well-known 
standard reactants [ 15]. 
2.12.1.2 Heat corrections 
In a calorimetric titration experiment, the total heat produced as the titrant is added to 
the reaction vessel ('gross heat') does not only involve the heat due to complexation 
but also other heat effects originated by side processes taking place. These occur in 
both types of calorimetry (macro and micro) and are described as follows, 
i) Heat of dilution of titra11t and titrate: As the titrant is added to the titrate, a 
heat effect may occur due to chemical changes such as solvation or hydrolysis. 
This heat contribution is concentration-dependent and can be determined 
experimentally from available data [16-18]. Enthalpy values due to dilution of 
the titrants were found significant in this work. Thus, experimental work was 
carried out to account for dilution effects. This was done by incrementally 
adding the same amount of titrant used during the reaction experiment to the 
pure solvent contained in the calorimetric vessel and the heat generated was 
measured. Heats of dilution for the titrates L 1 and L2 were found to be 
negligible. These were measured by checking the amount of heat produced 
when adding a volume of the pure solvent equal to that of the titrant used in 
the reaction experiment, into the calorimettic vessel containing the titrate. 
Heats of dilution of the titrates were found to be negligible. 
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ii) Teiii}Jeratllres difference betweett titra11t and titrate: If there is a temperature 
difference between the titrant and titrate, an extra heat effect is generated in 
the reaction vessel during the titration experiment that a correction should be 
made. In the case of the macrocalorimeter, this difference was not considered 
significant since the burette was immersed in the thermostat bath of the 
calorimeter so that titrant and titrate were kept at the same temperature. 
However this is not the case for the microcalorimeter, where the syringe was 
kept outside the bath. Hence, extra care was taken in order to ensure that the 
temperature was maintained constant at a value as close as possible to the 
temperature of the thermostated bath. 
iii) Heat contributed Jro111. otlter reactions: If reactions other than complexation 
occur in the calorimetric vessel, their heat contributions should be corrected 
for. Hydrolysis of the ligand is a common side reaction. In the present work 
no effect of this type had to be considered. 
2.13 The Tronac 450 calorimeter 
Enthalpy changes due to complexation were determined using a Tronac 450 
calorimeter. This model of an isoperibolic calorimeter is a commercial version of the 
solution calorimeter designed by Christensen and Izatt [ 19]. This consists of a well 
insulated thermostatic bath with a capacity of 50 dm3 of water. The motor driven 
stirrer, the precision temperature controller, (see Fig.2.10), ensure that the bath 
temperature is maintained at 298.15 ± 0.01 K. Water is circulated from an external 
cooling system. The calorhneter is equipped with a glass vacuum Dewar reaction 
vessel (50 ml) and a stainless steal stirring blade which is connected to the ampoule 
holder. Upon releasing the plunger (positioned on the stirring blade unit) by the 
burette-ampoule switch, the glass ampoule is ctushed. 
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Fig 2.10: Tronac 450 calorimeter. 
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The electronic assembly consists of a Wheatstone bridge, a heater circuit with 
variable heating rates and power supply. The temperature changes during the course 
of the reaction were converted to the corresponding voltage in a Wheatstone bridge 
circuit. Solution experiments were carried out using 1 ctn3 glass ampoules properly 
sealed with silicone rubber stoppers. 
2.13.1 Characteristics of the temperature-time curve (thermogram) 
A thermogram is the graphical readout recorded on the chart recorder during the 
reaction taking place in the calorimeter. A typical thermogram (plot of temperature 
against time) for an exothermic reaction (heat is evolved during the experiment) is 
shown in (Fig.2.11) The plot consists of three regions 
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i) Region A-B is the pre-reaction or initial period when the system has reached 
thermal equilibrium. A linear behaviour is observed. The slope of the line is 
due to effects such as heat leaks and stirring. 
ii) Region B-C is the main reaction period starting at B and being completed 
before point C. 
iii) Region C-D is the post-reaction period and during which the curve is linear 
again. 
A detailed study of the temperature-time curve has been published by Wadso [20]. 
2.13.2 Extl'apolation of data using Dickinson's ntethod. 
Dickinson's method [21] provides an alternative to the calculation of the ttue 
temperature change. This can be done by extrapolating the linear initial and final 
parts (AB and CD respectively in Fig. 2.12) of the calorimetric curve to the time tm 
where the mean temperature of the reaction period, T111, occurs. 
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Fig 2.12: Temperature-time plot showing the graphical extrapolation method of 
Dickinson. 
In this method, the correct temperature change is obtained by extrapolating the pre 
and post-reaction periods of the calorimetric plot to the time when 63% of the heat of 
the main reaction is evolved. This is based on the fact that the rate of heat evolution 
during the reaction is exponential. In an electrical calibration experiment in which the 
heat of evolution follows a linear path, the Tm occurs at half the temperature rise. In 
other words the factor of0.5 is used instead of0.63 for the calculation ofTm. 
2.13.3 Measurements of the Enthalpy of Solution 
The amount of heat, Qr, generated during a calorimettic experiment is measured by 
comparative methods, by comparing it with a known amount of heat, Qc, evolved in 
the same system during a calibration procedure. During the electrical calibration 
experiment, the heat capacity of the calorimetric system, e, is determined from the 
following expression 
2.21 
where ec is the true temperature change during the calibration experiment and Qc, the 
amount of heat released is obtained from the equation 
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2.22 
In eqn 2.22, t, is the heating time in seconds and the tenn I 2 R is the power dissipated 
in the heater given by 
2.23 
Vi , V2 are the voltage readings taken in the heater voltage positions and R is the 
heater resistance. 
The heat capacity of the system, s, is thus calculated from eqn. 2.21 using eqns.2.22 
and 2.23 and subsequently used to calculate the heat, Or generated in the studied 
process, from 
2.24 
where 9r is the corresponding true temperature change (ideally very similar to 9c). 
The heat value Or divided by the number of moles, n, of the solute (titrant) gives the 
molar enthalpy change for the process, MI, calculated using eqn 2.25. 
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In order to check the accuracy of the calorimeter, a calibration against a chemical 
reaction was carried out by measuring the heat of solution for the reaction of 
tris(hydroxymethyl)aminomethane, (TRIS or TRAM), with hydrochloric acid (0.1 
mol dm-3) at 298.15 K It is a well known standard reaction suggested by Irving and 
Wadso [20], the process involved being described in eqn 2.26. The enthalpy value 
reported by these authors for this reaction is -29.73 ± 0.02 kJ·mor1 at 298.15 K, while 
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the value reported by Ghousseini [22] for the same reaction and temperature using the 
Tronac 450 calotimeter is -29.69 ± 0.07 kJ mor1. 
After correction for the heat due to the breaking of the empty ampoule in the solvent 
used, I18H
0 is obtained by the use of the following equation, 
2.27 
In this equation QR is the heat associated with the reaction in the calorimeter vessel 
and nTH AM is the number of n1oles of THAM. 
2.13.3.1 Heat of solution measurements for L1 and L2 at 298.15 K 
Enthalpies of solution were measured by breaking glass ampoules containing dry, 
accurately weighed amounts of the compounds in question (with a precision of 
0.00001 g). The ampoules were subsequently sealed with rubber stoppers, positioned 
in the ampoule holder and immersed into the calorimetric vessel containing (50 ml) of 
the appropriate freshly distilled solvent. The reaction vessel was then immersed in the 
thermostated water bath and allowed to reach thermal equilibrium (for about 30 
minutes). The reaction was subsequently initiated by breaking the ampoule. In all 
cases, electrical calibration experiments were carded out by introducing a known 
quantity of electrical heat approximately equal to the energy change of the main 
reaction. Throughout all experiments time-temperature measurements were registered 
on a chart recorder. 
Molar enthalpies, 118 H, were calculated as shown in section 2.11.1.3. The I1 9 H 
values obtained at different solute concentrations were then plotted against the square 
root of the ionic strength of the solution and a linear least squares technique was used 
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in order to fit a line. The standard enthalpy of solution, A8 H 0 , was obtained using 
the Debye-Hiickel theory by extrapolating the AsH data to infinite dilution (zero 
ionic strength). In the cases where no variations in A8 H were observed with changes 
in the ionic strength of the solution, AsH 0 was taken as the average of these data. 
ｃｈａｐｔｅｒＲＮｇｅｎｅｒａｌｅｘｐｅｾｅｎｔａｌｐｒｏｃｅｄｕｒｅｓ＠ 84 
REFERENCES: 
1. D. D. Perrin, W. L. F. Armarego, D. R. Perrin, 'Purification of Laboratory 
Chemicals', 2"d ed., Pergamon Press Ltd., Oxford, UK, 1980. 
2. R. G. Hutcherson, PhD Thesis, University ofSuney, 1997. 
3 A. F. Danil de Namor, M. T. Garrido Pardo, D. A. Pacheco Tanaka, F. J. 
Sueros Velarde, J.D. Cardenas Garcia, M. C. Cabaleiro and J. M.A. Al-Rawi, 
J. Chen1. Soc., Faraday Trans., 89, 2727, 1993. 
4 M. Stodeman, I. Wadso, Pure & Appl. Chem., 61, 1059, 1995. 
5 I. Wadso, Chen1. Soc. Rev., 26, 79, 1997. 
6. The Wayne Kerr Co. Ltd., 'Operating Instructions Manual for Autobalance U 
niversal Bridge B642 ',Sussex, UK, 1982. 
7. G. Jones., B. C. Bradshaw.; J. Anz. Chenz. Soc., 1933, 55, 1780 
8 J. E. Lind, J. J Zwolenik., Fuoss, J. An1. Chem. Soc., 81, 1557, 1959. 
9 B. G. Cox, H. Schneider, 'Coordination and Transport Properties of 
Macrocyclic Compounds in Solution', Elsevier, New York, 1992. 
10 J. Gutknecht, H. Schneider, J. Stroka, Ino1:g. Chen1., 17, 3326, 1978. 
11 B. G. Cox, H. Schneider, J. Stroka, J. Am. Chem. Soc., 100, 4746, 1978. 
12 B. G. Cox, J. Carcia-Rosas, H. Sclmeider, J. Phys. Chen1., 3178, 84, 1980. 
13 B. G. Cox, J. Carcia-Rosas, H. Schneider, J. Am. Chem. Soc, 1384, 103, 1981. 
14 J. Suurkuusk and I. Wadso, Chenz. Scr., 20, 155, 1982. 
ｃｈａｐｔｅｒＲＮｇｅｎｅｒａｌｅｘｐｅｾｅｎｔａｌｐｒｏｃｅｄｕｒｅｓ＠ 85 
15. J. C. Y. Ng, PhD thesis, University of Surrey, 1995. 
16. V. B. Parker, Thermal Properties of Aqueous Uni-Univalent Electrolytes, Nat. 
Bur. Stand, NSRDS-NBS 2, US Govt. Printing Office, Washigton DC, 
1965. 
17. F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, I. Jaffe, 'Selected 
Values of Chemical Thernzodynamic Properties', Nat. Bur. Stand, Circ. 
500, US Govt. Printing Office, Washigton DC, 1952. 
18. D. D. Wagman, W. H. Evans, V. B. Parker, I. Hallow S. M. Bailey, R. H. 
Schumtn, 'Selected Values of Chemical Thermodynamic Properties', Nat. 
Bur. Stand, Technical Note 270-3, US Govt. Printing Office, Washigton DC, 
1968. 
19. J. J. Christensen, R. M. Izatt, I. D. Hansen, Review Sc. Instrument, 36, 779, 
1965. 
20 R. J. Irving, I. Wadso, Acta Chem. Scand., 18, 195, 1964. 
21. H. C. Dickinson, Bull. Nat. Bur. Std, (US), 11, 189, 1914. 
22 L. Ghousseini, PhD thesis, University of Surrey, 1985. 
CHAPTER 3 RESULTS AND DISUSSION 86 
CHAPTER3 
RESULTS AND DISCUSSION 
3.1 Synthesis of new lowe .. rim calix[4]arene det·ivatives containing soft donor 
atom. 
In the following section, the synthesis of 5, 11, 17,23-tetrakis-(1, 1-dimethyl)-25,27-
dihydroxy-26,28-bis[2-(methylthio)ethoxy]calix[4]arene (Fig 3.1) is discussed. Beer 
et al [ 1] and Cob ben et al [2], were the first researchers to introduce this compound in 
1992. Beer's reaction, involved the refluxing of 2-carbomethyl sulfide in excess of p-
tert-butyl calixarene (2: 1 ). The compound was then recrystallised from chloroform 
and ethanol. This resulted in an impure product containing a mixture of the di- and 
mono- alkylated derivative and therefore the final product was purified by column-
chromatography. 
The disadvantage of this procedure is that it is a time consutning process and low 
yields are obtained. Cobben tried to improve the yield by increasing the amount of 
alkylating agent relative to p-tert-butyl calixarene (3: 1 ratio). This modified procedure 
required a shorter refluxing period and resulted in a larger amount of product. 
However, further purification was required by the use of column chromatography. 
Scientists at the Thermochemistry Laboratory (Suney University) [3] suggested an 
approach which uses 18-crown-6 for the synthesis of calix[n]arene (n = 4, 6, and 8) 
esters. This is now a well-established method in the synthesis of p-tert 
butyl calix[ n ]arene derivatives. 
Therefore the preparation of 5, 11, 17, 23-tetrakis- (1, 1-dimethyl)-25, 27-dihydroxy-
26, 28-bis[2-(methylthio)ethoxy]calix[4]arene Lo was carried out according to the 
procedure previously reported using 18-crown-6 as the phase transfer catalyst [4]. 
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Fig 3.1: 
( OH 
s 
I 
LO 
5, 11, 17, 23-tetrakis- (1,1-dimethyl)-25, 27-dihydroxy-26, 28-bis[2-
( methylthio )ethoxy ]calix[ 4 ]arene LO 
3.1.1 Synthesis of 5,11,17,23 tetrakis(1,1 dimethylethyl)25,27-his [(2- metbylhio) 
ethoxy] 26, 28- his [2- pyridyl metltyloxy] calix[4]arene, L1, and 5,11,17, 
23 tetrakis (1,1 dimethylethyl) 25,27-his [(2- methylhio) ethoxy] 26, 28- his 
[3- pyridyl metbyloxy] calix[4]arene, L2. 
The steps undertaken for the synthesis of 5, 11,17,23 tetrakis (1, 1 dimethylethyl) 25, 
27- bis [(2-methylthio) ethoxy] 26,28- bis [2-pyridyl methyloxy] calix[4]arene (L1) 
and 5,11,17,23 tetrakis (1,1 dimethylethyl) 25,27- bis [(2- methylthio) ethoxy] 26,28-
bis [3-pyridyl methyloxy] calix[4])arene (L2) are shown in Scheme 3.1. 
The use of sodium hydride for the removal of the remaining hydrogen protons from 5, 
11, 17,23-tetrakis-(1, 1-dimethyl)-25,27-dihydroxy-26,28-bis[2-(methylthio)ethoxy] 
calix[4]arene was based on the work of Gustche [5]. This author ､･ｭｯｮｾｴｲ｡ｴ･､＠ that 
the alkylation of the phenolic hydrogens at the lower rim of calix[n]arene is facilitated 
by the use of sodium hydride in tetrahydrofuran where good yields and high purity 
calix [n]arene derivatives can be obtained [6] . 
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88 
[(2- mcUl}'1Uiio) etlloxy] 26, 28- bis[2- pyridy1 methyloxy] 
calix( 4)arene 
L2 
5, 11, 17,23 telrokis (1, 1 dimethylethyl) 25, 27- bis 
[(2-mctllylthio) ethoxy] 26,28- bis[3-pyridyl methyloxy] 
calix( 4 )areno 
Scheme 3.1: Reaction scheme for the introduction of pyridine groups to 5, 11,17,23-
tetrakis-(1,1-dimethyl)-25,27-dihydroxy-26,28-bis[2-(methylthio) 
ethoxy ]calix[ 4]arene. 
Melting points of these compounds and elemental analyses were carried out on L1 and 
L2 at the University of Surrey. Table 3.1 shows the melting points, percentage yields 
obtained and microanalyses for these ligands. 
These macrocycles were characterised by 1H and 13C NMR measurements and these 
are described in the following section. 
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3.2 Characterization of Ll and L2 by 1H and 13C NMR and by X ray 
crystallog•·aphy. 
3.2.1 1H and 13C NMR characterisation of lower rim calix[4]arene derivatives, 
Lt and L2. 
Due to the high solubility of these ligands in CDCh, 1H NMR measurements were 
carried out in this solvent at 298 K for the structural characterisation of L 1 and L2 in 
solution. Thus 1H NMR data are reported in Table 3.2 and the spectra are shown in 
Fig 3.2. 
L1 
1\ lt 
L2 
ｾ＠ I 2 
\ 361 
Ｔｾ＠
5 
• 
i 1111 !l ｾ＠ ft lL ｾ＠
9 a 7 .. 
"' 
... 3 2 1 
Fig. 3.2: 1H NMR spectra ofLl( top) and L2 (bottom) in CDCh at 298 K 
The spectra for these two ligands are identical except for the peaks representing the 
protons on the pyridyl ring. These are due to the different position of the nitrogen in 
the pyridyl moieties related to the ethereal oxygens. 
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The 1H NMR spectra of these ligands consist of: 
1. Two singlets in the aryl region corresponding to the aromatic protons. 
n. A pair of doublets corresponding to the axial and equatorial protons bridging 
each of the aromatic rings, ArCH2Ar. 
iii. A singlet representing the OCH2Py. 
iv. A pair of triplets for the methylethylthio OCH2CH2S substituents. 
v. Two singlets for the t-butyl groups. 
vi. Two singlet for the S-CH3 groups. 
The conformation adopted by these derivatives can be established from the 1H NMR 
splitting pattern of the methylene groups (ArCH2Ar) bridging the aromatic rings [7]. 
As it can be seen in Fig 3 .2, the methylene bridge in both ligands appears as a pair of 
doublets confirming that in this solvent, these ligands have a 'cone' conformation [8]. 
Each methylene proton exists in a different environment. The downfield doublets 
(close to the ethereal oxygen) corresponds to the axial or endo- protons while the 
upfield doublets are assigned to the exo- or equatorial (close to aromatic rings) 
methylene protons. 
As noted by Gutsche [ 5] the differences in the chemical shift between the Hax and Heq 
of the calix[ 4]arene ＨｾＸ＠ (axe-eq), ppm ) can be taken as a measure of the degree of 
'flattening' of the 'cone'. It has been stated that a ｾｂ｡ｸＭ･ｱ＠ = 0.9 ppm corresponds to a 
ligand in a perfect 'cone' conformation. In addition, the ｾｏ｡ｸＭ｣ｱ＠ values decrease 
significantly when the ligand adopts a 'flattened' conformation while for a 'distorted 
cone conformation, ｾｏ｡ｸＭ･ｱ＠ values are on the increase. 
For the new derivatives, ｾｏ｡ｸＭ･ｱ＠ values are equal to 1.3 ppm. Since this value is higher 
than 0.9 ppm, the confonnation adopted by these derivatives in CDCb is that of a 
'distorted' 'cone' conformation. This may be attributed to new ring current effects on 
the bridging methylene protons which cause a greater shielding effect of the 
equatorial protons (moving their signal upfield) and a lower shielding to the axial 
protons (moving their signal downfield). 
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Shinkai and co-workers [9] and Arnaud-Neu and co-workers [10] stated that the 
introduction of 'bulky' substituents in the lower rim of calixarene causes a steric 
effect moving them as far apat1 as possible from each other. In order to reduce this 
effect, the structure is resisting these changes leading to an overall effect of distortion. 
These findings are in agreement with the results obtained for these ligands which have 
two different bulky substituents, the CH2CH2S and the CH2Py functional groups. 
Another distinctive feature observed in the 1H NMR spectrum of L1 and L2 is the 
non-equivalence of the tert-butyl protons as well as the aromatic protons, which are 
characteristic of calix( 4 )arene derivatives containing mixed functional groups. The 
presence of two different pendant arms gives rise to two different sets of resonances 
for each pendant arm. Assignment of these resonances with respect to the lower rim 
substituents has not yet been successful. 
Following the 1H NMR characterisation of these ligands, 13C N1VIR measurements in 
CDCh at 298 K were carried out as shown in Fig 3.3. The data for both 1H and 13C 
NMR are listed in Tables 3.2 and 3.3 respectively. 
As far as the 13C spectra are concerned, calix[4]arene derivatives in the 'cone' 
conformation , show that the C signal of the methylene bridge is found at 31 ppm [ 5]. 
In the case of the derivatives synthesised in the present work, these signals were 
found at 31.33 ppm for L 1 and 31.23 ppm for L2 and can be both assigned to the C of 
the methylene bridge. These findings confirm that these are in a syn orientation (i.e. 
both groups 'up' and both 'down'). This value will increase to 37 ppm when in an 
anti orientation (i.e. one group is 'up' and the other 'down') [ 11]. 
Pappalardo and co-workers [12] proposed that the OCH2 resonance of pyridylmethyl 
ethers appears at 71 ppm when both adjacent aryl moieties are anti to one another and 
at 77 ppm when they are in syn. These values were found at 75.40 and 75.39ppm for 
Ll and L2 respectively. 
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160 140 120 100 80 60 40 20 ppr 
160 140 120 100 80 60 40 20 ppr 
Fig 3.3: 13C NMR spectra ofLl (top) and L2 (bottom) in CDCb at 298 K 
Having established the conformation of these ligands in CDCh by 1H NMR and 13C 
NMR, suitable crystals were isolated for X ray diffraction studies and these are 
discussed in the following Section. 
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3.2.2 X-ray diffraction studies 
X ray diffraction studies for Ll and L2 were carried out by Dr Oscar. E . Piro at the 
Universidad Nacional de La Plata, Argentina and Prof. Eduardo E. Castellano at the 
Instituto de Fisica de Sao Carlos, Universidad de Sao Paulo, Brazil. Crystal data, data 
collection, structure determination and refinement were carried out using the 
computer progratns SDP, SHELX-76, SHELX-86 and SHELX-93 respectively [13]. 
3.2.2.1 Crystallographic data for 5, 11, 17, 23 tetrakis (1, 1 dimethylethyl) 25, 27-
bis [(2- methylthio) ethoxy] 26, 28- bis [2- pyridyl methyloxy] 
calix[4]arene (L1). 
Crystallographic parameters for this di-substituted calix[ 4]arene derivative are given 
in Table 3.4 and the sttucture of the molecule is depicted in Figures 3.4. 
X-ray diffraction methods were used for the determination of the stereo-chemical 
representation of the crystal. Specifically, at first the location of several H-atoms was 
allowed to be determined by implementing the Fourier difference map method (as 
well as direct methods) for a number of independent reflections. The molecular model 
was then further refined by the use of the riding method so that the non-hydrogen 
atoms could also be established. The latter involves the use of a full ... matrix least-
squares analysis to Rl = 0.087, including con-ections for neutral scattering factors and 
anomalous dispersion effects. Data were collected for a large angular range. 
Finally, the data obtained by the above methods, such as fractional coordinates 
(coordinate in absolute value I unit-cell repeat distance in same direction and units), 
equivalent isotropic displacement parameters, intra-molecular bond distances and 
angles, allowed the stereoscopic reconstruction of the crystal. Fig 3.4 shows a 
drawing of the complex derived from the crystallographic data. 
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Table 3.4: Crystal data and refinement details for L 1 [ 13] 
Ca:ystal parameters 
Molecular formula 
Formula weight 
Temperature 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
z 
Density (calculated) 
Absorption coefficient 
Crystal size 
Crystal colour/shape 
Diffractometer/scan 
Radiation, graphite monochr 
Scan width 
F(OOO) 
Standard reflection 
Decay of standard 
e range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Observed reflects. [I>2a(I)] 
Weights, w 
Data/restraints/parameters 
Data/restraints/parameters 
Goodness-of-fit on F2 
Data 
C6zH1sNz04Sz 
979.38 
293(2) K 
Monoclinic 
P21/c 
a=19.609(2) A 
b=10.478(1) A 
c=28.432(2) A 
ｾ］ＹＰＮＷＵＨＱＩＰ＠
5840.9(9) A3 
4 
1.114 Mg/m3 
1.173 mm-1 
0.1 x 0.2 x 0.4 mm 
Colourless/parallelepiped 
Enraf-Nonius CAD-4/ro-29 
CuKa, A-=1.54184 A 
0.8 + 0.35 tan e 
2112 
(12,0,0) 
±1% 
2.25 to 64.800 
ＭＲＳｾｨｾＲＳＬ＠ ｏｾｫｾＱＲＬ＠ ＰｾＱｾＳＳ＠
10106 
9878 [R(int )=0. 024] 
1574 
w=[a2(Fo2)+(0.137Pi+8.76Pr1 
P=[Max(F o 2, 0)+2F c 2]/3 
Full-tnatrix least-squares on F2 
9878/0/635 
1.030 
96 
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(a) 
(b) 
Fig 3.4: (a) Side view ofLl showing the cone conformation. (b) Top view 
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As it can be seen from Fig 3.4, two distinct regions in the crystal structure can be 
identified; a hydrophobic cavity bounded by the phenyl rings and a hydrophilic pocket 
defined by the OCH2Py and O(CH2)2SCH3 pendant groups. The confirmed 
hydrophobic cone conformation exhibits a squashed conical shape that results in an 
elliptical upper bore and a virtually circular lower bore shape. Furthermore, the fact 
that most of the dihedral angles that the aromatic rings subtend with the four CH2 
groups linking them are greater than 90°, indicates that the phenyl rings are tilted in 
order to have their tert-butyl groups facing away from the hydrophobic region. In 
contrast, the oxygen atoms of the corresponding O(CH2)2SCH3 pendant groups move 
towards each other in the upper rim of the hydrophilic cavity aided by the tilting away 
of a pair of opposite facing perpendicular phenyl rings. The other two rings are almost 
parallel and tilted towards each other forcing the corresponding oxygen in the 
OCH2Py groups to move away from the cavity. 
Having characterised Ll and L2 by 1H and 13C NMR in CDCb solution and identified 
the sttuctures of these ligands in the solid state by X-ray diffi·action studies, solubility 
measurements were carried out. These data are required for the selection of the 
solvent to be used in complexation studies involving metal cations. These are 
described in the following section. 
3.3 Solubility measutements and detived Gibbs energies of solution. 
Transfer Gibbs energies from acetonitrile to various solvents. 
Solubility data in various solvents are required for solution studies involving the 
ligands. In addition these can be used to calculate the standard Gibbs energy of 
solution, ｾｳｇ Ｐ Ｌ＠ and the transfer Gibbs energy, .6.tG0 , from a reference (s1) to another 
solvent (s2). The .6.sG0 value is cotnposed by two components, the crystal lattice Gibbs 
energy, .6.ctG0 , and the solvation Gibbs energy, .6.sotvG0 • Transfer Gibbs energies 
reflect the difference in solvation of the solute in two different solvents. The 
importance of the latter lies in the fact that the contribution of the lattice Gibbs energy 
can be eliminated so that the solvation Gibbs energy for a given ligand in one solvent 
relative to the reference solvent can be assessed. 
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Solubility data for L1 and L2 in several solvents at 298.15 K were determined. These 
are reported in Table 3.5. The standard deviation of these data was calculated using 
the expression given in eqn 3 .1. 
0= 
n(n-1) 3.1 
It is clear from this Table that there is a solubility enhancement in moving from L 1 to 
L2, leading to a ligand with tnoderate solubility in protic, dipolar aprotic and inert 
solvents. The use ofL2 offers a series of advantages from the solubility point ofview. 
Indeed not only its solution behaviour can be studied but it can also be used as an 
extracting agent for the removal of cations :fi·om the aqueous phase, given that its 
solubility in solvents which are water immiscible is relatively high. 
Given that these ligands are non electrolytes (neutral), their Gibbs energies of solution 
ｾｳｇ Ｐ Ｌ＠ in the appropriate solvents were derived using the relationship shown in eqn 
3.2: 
3.2 
In this equation R, T, S denote the gas constant, the absolute temperature in Kelvin, 
and the solubility on the molar scale referred to the standard state of 1 mol dm-3. This 
calculation is not valid when the ligand undergoes solvate formation (a process easily 
detected when the solid is exposed to a saturated atmosphere of the solvent). 
In order to remove the crystal lattice contribution of L 1 and L2 in two solvents, the 
standard transfer Gibbs energy, .AtG0 is calculated, taking acetonitrile as the reference 
solvent. The transfer Gibbs energy of a solute from a reference solvent to another is 
given by eqn 3.3: 
3.3 
Using eqns 3.2 and 3.3 and assutning the same conditions, the transfer Gibbs energy 
can be derived from eqn 3.4: 
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3.4 
where the transfer constant, Kt is defined in eqn 3.5 
3.5 
The ligand effect on the transfer process can be quantitatively assessed by the 
calculation of the transfer constant ratio involving two ligands in a given solvent 
system: 
S = K 1 (L2) 
F Kt(Ll) 3.6 
However, a direct comparison in the relative solvation of the two ligands can only be 
made if the same reference solvent is used for both ligands for the determination of 
Kt. 
These derivatives are very soluble in dichloromethane and in chloroform to the extent 
that solvate formation was observed when these were placed in a saturated 
atmosphere of these solvents. As a result, AsG0 of these ligands in dichloromethane 
and in chloroform cannot be calculated since the derivation of AsG0 requires the same 
composition for the solid in equilibrium with its saturated solution. 
Data in Table 3.5 reflect that the equilibrium associated with the transfer process is 
shifted considerably by altering the nature of the solvent. Thus, the more negative the 
AtG0 value, the greater is the affinity of the receiving medium to solvate the ligand. 
The data show that these ligands undergo selective solvation in the various solvents. 
Thus, the following sequence is observed for L 1: 
THF > PhCN > D1\1F > 1-BuOH > 1-PrOH > EtOH > MeCN > MeOH 3.7 
A similar trend is observed for L2, except that for this ligand, methanol is a better 
solvator than acetonitrile. 
CHAPTER 3 RESULTS AND DISUSSION 101 
As mentioned earlier, the ligand effect on the transfer process can be quantitatively 
assessed from the transfer constant ratio (eqn 3.6) involving two ligands in a given 
solvent system. Since L 1 and L2 are isomers, these data demonstrate that a change in 
the position of the nitrogen atom of the pyridyl ring of the pendant arms relative to the 
ethereal oxygen leads to significant solvation changes. Thus L2 is better solvated by a 
factor of 2.1 in the MeCN - MeOH solvent system relative to L1 whereas, the 
opposite is true in the MeCN- EtOH (8=0.86) and the ｍ･ｃｎｾ＠ 1-BuOH (8=0.56) 
solvent system. 
Since pyridinocalix[4]arenes (la, lb, lc) are related to these ligands (Ll and L2), data 
available in the literature[14, 15, 16] for these systems are also included in Table 3.5. 
Thus, replacement of the pendant arms containing methylsulphanyl substituents in L1 
by pyridyl groups, la increases the _solvation in the alcohols by factors of 4.40 
(MeOH) to 8.3 (1-BuOH), whereas a decrease in solvation is observed in the dipolar 
aprotic solvents (DMF; 0.21 and PhCN; 0.29). When similar analysis was carried out 
with 1 b relative to la, an increase in the solvation is found for the former with respect 
to the latter ligand in methanol (8.04) whereas in BuOH (0.11) the opposite trend is 
shown. 
These changes in solvation upon transfer from one medium to another are likely to 
have implications on the stability of complex formation involving these ligands and 
metal cations in the various solvents. Determination of the enthalpies of solution of a 
compound in two different solvents allows the standard enthalpy of transfer, AtH0 , 
from a reference solvent to another to be derived. These data reflect changes in the 
interactions between solute and solvent. 
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Table 3.5: Solubilities and derived standard Gibbs energies of solution of L 1 and L2 in various 
solvents at 298.15 K. Standard transfer Gibbs energies from acetonitrile. Comparison 
with data for pyridinocalix[ 4]arenes. 
/- ｌｩｧ｡ｮ､ｾ＠ Solvent Solubility AsG0 AtG0 
Rt R2 (s) mol run·3 kJ mor1 kJmor1 
MeCN (2.90±0.30) X 10-4 b 20.20 0 
I ｾ＠ MeOH (2.01±0.13) X 10-4b 21.10 0.92 EtOH (1.13±0.10) x 1o-3 b 16.82 -3.38 ｣ｾ＠ 1-PrOH (2.56±0.07) x 1o-3 b 14.80 -5.40 6 s 1-BuOH (3.18±0.01) x 10·3 b 14.26 -5.94 I I DMF (4.62±0.04) x 10·3 b 13.33 -6.87 ｣ｾ＠ THF (9.47±0.16) x 1o·2 b 5.84 -14.36 
Ll PhCN (3.54±0.04) x 10·
2 b 8.28 -11.92 
I ｾ＠ MeCN (5.32±0.11) X 10-4b 18.69 0 ｣ｾ＠ MeOH (7.88±0.31) X 10-4 b 17.72 -0.97 6 EtOH (1.81±0.01) X 10·3 b 15.65 -3.03 s 1-PrOH (3.75±0.03) X 10·3 b 13.85 -4.84 N I 1-BuOH (3.10±0.02) X 10·3 b 14.32 -4.37 
｣ｲｾ｡＠
L2 
MeCN 4.08 x 1o·3 C 19.35 0 
MeOH 1.24 x 1o·3 C 16.59 -2.76 
EtOH 5.73 X 10·3 c 12.80 -6.55 
8 1-PrOH 2.26 x 10-20 9.39 -9.96 R2=Rt 1-BuOH 3.74 x 1o·2 C 8.15 -11.20 I DMF 1.88 X 10-3 c 15.56 -3.79 PhCN 1.05 x 10-20 11.30 -8.05 
la PC 3.44 X 10-4c 19.77 0.42 PhN02 2.58 x 10-30 14.77 -4.58 
MeCN 3.53 x 10·3 c 14.00 0 
I MeOH 4.19 x 10·2 c 7.86 -6.14 ()' EtOH 2.80 x 10·2 c 8.86 -5.14 R2=R1 1-BuOH 2.33 X 10-3 c 15.03 1.03 ｾ＠ DMF 8.18 X 10.30 11.91 -2.09 PhCN 3.01 x 10·2 c 8.68 -5.32 
lb ｍｾｃｏ＠ 6.25 x 10-30 12.58 -1.42 
I MeCN 1.57 x 10-
30 16.01 0 
MeOH 1.68 x 10·2 c 10.13 -5.88 
0 EtOH 8.60 x 10-30 11.79 -4.22 DMF 2.58 x 10·3 c 16.67 0.66 R2=R1 PhCN 2.58 x 1o·3 C 11.49 -4.52 N 
lc 
Abbreviations: acetonitrile; MeCN;. methanol; MeOH; ethanol; EtOH; !-propanol; 1-PrOH; !-Butanol; 1-BuOH; N, 
N-dimethylformamide; D:rvtF; tetrahydrofurane; THF; benzonitrile; PhCN; b Tlris work; c (Refs14,16) 
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Having discussed solubility data and derived AsG0 as well as the transfer Gibbs 
energies of these and related ligands, the enthalpies of solution of L 1 and L2 were 
determined. The determination of the enthalpy change, 6sH, for a dissolution process 
involves measurements of the 'heat of solution' under conditions of constant pressure. 
Deriving calorimetric data is of particular importance since these data provide 
valuable information on solute-solvent interactions as well as on the intermolecular 
forces in pure compounds. They also play an important role in the binding process in 
solution as the thermodynamics of this process largely depends on the solvation of the 
reaction components [17, 18]. Before discussing enthalpy data for these systems, the 
results obtained for the chemical calibration of the Tronac 450 are discussed [19]. 
3.4 Standard entbalpies of solution for Ll and L2 in various solutions at 
298.15 K. 
3.4.1 Chemical calibration of the Tronac 450 calot•imeter. 
Table 3.6 shows the results obtained for the standard enthalpy of solution, ｾｊｬ Ｐ Ｌ＠ of 
tris(hydroxymethyl)aminomethane, THAM in an aqueous solution of HCl (0.1 mol. 
dm-3 ) at 298.15 K using the Tronac 450 calorimeter. 
Table 3.6: Standard enthalpies of solution of THAM measured with the Tronac 
450 calorimeter at 298.15 K. 
THAM(g) QR (J) AsH (kJ.mor1) 
0.1793 -19.56 -29.86 
0.0940 -23 .10 -29.77 
0.0949 -23.50 -29.97 
0.0989 -24.55 -30.04 
0.0999 -24.74 -29.99 
0.1014 -24.93 -29.78 
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The value obtained for the AsH0 (THAM) of -29.90 ± 0.11 kJ mor1 (average of data in 
Table 3. 6) is in reasonable agreement with the values reported in the literature and 
those previously determined at the Thermochemistry Laboratory, University of Surrey 
(Table 3.7) at 298.15 K. 
Table 3.7: Standard enthalpies of solution ofTHAM in an aqueous solution ofHCl at 
298.15 K. 
Author AsH 0 / kJ mor1 Reference 
Irving and Wadso -29.73 ± 0.028 20 
Gunn -29.77 ± 0.13b 21 
Ghousseini -29.69 ± 0.07b 22 
Jafou -29.65 ± 0.09b 23 
Pulcha Salazar -29.60 ± 0.13b 24 
Zapata Otmachea -29.72 ± 0.20b 25 
a Values obtained using various calorimeters, 6 Values obtained using the Tronac 450 
macrocalorimeter 
3.4.2 Ampoule breaking corrections in non-aqueous solvents at 298.15 K 
The heat values for the breaking of empty ampoules determined in acetonitrile 
(MeCN) and benzonitrile (PhCN) are listed in Table 3.8. 
Table 3.8: Heat of breaking of empty ampoules in MeCN and PhCN obtained 
with the Tronac 450 calorimeter at 298.15 K. 
Solvent Q(J) 
MeCN 0.152 ± 0.007 
PhCN 0.042 ± 0.003 
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3.4.3 Standard enthalpies of solution, AsH 0 , for Ll and L2 in acetonit.-ile 
(CH3CN) at 298.15 K. 
The problem encountered when determining the standard enthalpy of solution of 
calixarene derivatives by classical calorimetry is that these compounds are not soluble 
enough in the given solvent or their rate of dissolution is relatively slow. 
As far as MeCN is concerned, L 1 and L2 are characterised by their low solubility in 
this solvent. Therefore, for the calculation of the standard enthalpy of solution, i\JI0 , 
of these ligands in this solvent, their solubility in this solvent was determined at 
different temperatures. 
The van't Hoff equation was used to calculate the d 5H0 (eqn 3.8). Table 3.9 shows the 
data for the logarithm of solubility for L1 at 293.15, 298.15, 308.15 and 322.15 K. A 
plot of logS values against liT is shown in Fig. 3.5. 
L\H logS = Const.- s 
2.303RT 
3.8 
A linear regression analysis of the data gave a slope value of -2699.5 in acetonitrile. 
The ｾｳｈ＠ was calculated fi·om eq 3. 9 
AH = -2.303 R slope 
The value obtained for the enthalpy of solution of L1 in MeCN at 298.15 K was 
51.69 ± 3.75 kJ mor1 . 
3.9 
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Table 3.9: Solubility data for Ll in acetonitrile at different temperatures. 
S (mol dm-3) logS T(K) 1/T (K-1) 
1.71x 104 -3.767 293.15 3.41x10-3 
2.90x 1048 -3.538 298.15 3.35 x10"3 
4.42x 104 -3.354 305.15 3.25 x10"3 
1.26x 10"3 -2.899 322.15 3.10 x10"3 
-1.5 
-2 R2 = 0.9832 
-2.5 
00 -3 
00 
.9 
-3.5 
-4 
-4.5 
-5 
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 
1 IT (K.-1) 
Fig 3.5: Plot of log S against liT for L 1 in acetonitrile, where S is referred to 
the standard state of 1 tnol dm-3• 
To confirm the AsH value obtained for Ll in MeCN by the use of the van't Hoff 
equation, attetnpts were made to determine it calorimetrically. In order to do it, the 
amount of compound dissolved in the calorimetric vessel was quantitatively measured 
(by using the gravimetric method) immediately after the calorimetric run was 
performed since total dissolution of the compound was not achieved. The standard 
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enthalpy of solution, dJf0 (51.23 kJ mor1), obtained calorimetrically is in excellent 
agreement with the .L\8H 0 obtained from the variation of the solubility with 
temperature (51.69 kJ mor1). 
For the calculation of the standard entropy of solution, dsS0 , the following equation 
was used. 
3.10 
The d 8G0, L\slf and dsS0 values for Ll in acetonitrile at 298.15 K are reported in 
Table 3.10. 
Table 3.10: Enthalpies and entropies of solution of Ll tn acetonitrile and 
benzonitrile at 298.15 K. 
T/K Solubility 
lllO} dm-3 
293.15 1.7lx 104 
298.15 2.90x 10-4a 
303.15 4.42x 104 
322.15 1.26x 10-3 
298.15 3.54x 10-2 
21.50 
20.20° 
19.15 
16.55 
8.28 
PhCN 
104.8c 
12.92 ± 10.02 15.6 a 
a From Table 1. b Calorimetric value. c Derived from solubility data given in column 2 by the use of the 
van't Hoff equation. d Calculated from AsG0 and AsH0 values. 
3.4.4 Standard enthalpy of solution of Ll and L2 in benzonitrile at 298.15 K. 
Since the solubility ofL1 in benzonitrile at 298.15 K is relatively high, therefore the 
enthalpy of solution of L1 and L2 in this solvent was detetmined calorimetrically at 
different concentrations of the ligand and the data are presented in Tables 3.11 and 
3 .12. No significant changes in the enthalpy of solution were found with the ligand 
concentration, and therefore the standard enthalpy of solution, ｾｳｈ Ｐ Ｌ＠ was taken as the 
average value of the various measurements. 
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Table 3.11: Enthalpies of solution ofLl in benzonitrile at 298.15 K 
cmo1dm-3 
1.02 xl0-3 
1.66 x10"3 
1.85 x10-3 
2.20 xl0-3 
3.14 x10-3 
c Y: mol 112 dnf312 ｾｳｈ＠ kJmor1 
0.032 12.80 
0.040 13.14 
0.043 12.90 
0.047 12.88 
0.056 12.90 
AsH
0 (average)= 12.92 ± 0.13 kJ mor1 
Table 3.12: Enthalpies of solution ofL2 in benzonitrile at 298.15 K 
c mol dm-3 
4.00 x104 
6.00 xl04 
7.31 x104 
1.03 x10"3 
1.78 xl0-3 
c Y: mol 112 dm-312 DsH kJ 1nor1 
0.020 17.28 
0.024 17.55 
0.027 17.18 
0.032 17.07 
0.042 17.64 
AsH
0 (average)= 17.34 ± 0.24 kJ mor1 
108 
Since no significant changes were observed in ｾｳｈ＠ values ofLl and L2 upon changes 
with the concentration of the ligand in this solvent, an average value for the standard 
enthalpy of solution ｾｳｈ Ｐ＠ was taken. 
The standard enthalpy of solution of a solute, L, in a given solvent (s) involves the 
contribution of the crystal lattice enthalpy, AcJ/0 , (endothermic process) and that of 
solvation, Asolvl?, (exothermic process) as shown in the following thern1ochemical 
cycle eqn (3.11). 
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3.11 
Depending on which of the two processes predominates, the enthalpy of solution, 
tl 8 H 0 , can be endothermic or exothermic. The positive values of the ｾｳｈ Ｐ＠ in 
benzonitrile for L 1 and L2 shown in Tables 3.10 and 3.11 suggest that the crystal 
lattice process predominates over the solvation process. It is also clear that the 
dissolution process is slightly more favoured in enthalpic terms for the dissolution of 
L 1 than L2 in benzonitrile. 
No experimental difficulties were found with PhCN since at 298.15 K, L1 and L2 are 
soluble enough and the dissolution is fast. Combination of ｾｳｇ Ｐ＠ (Table 3.5) and ｾ Ｘ ｈ Ｐ＠
values (Tables 3.10 and 3.11) yields the standard entropy of solution, tl8S0 of L 1 in 
these solvents. 
Taking MeCN as the reference solvent, the standard transfer enthalpy, t11H0 and 
entropy, tltS0 to PhCN were calculated at 298.15 K and these data are also reported in 
Table 3.13. The higher solvation observed in PhCN relative to MeCN as reflected in 
the AtG0 value for this ligand indicates that the systetn is enthalpically controlled 
since the process takes place with a loss of entropy. 
Table 3.13: Derived enthalpy and entropy of transfer of Ll fron1 acetonitrile to 
benzonitrile at 298.15 K. 
A.feCN ｾｐｨｃｎ＠ ｍ･ｃｎｾｐｨｃｎ＠ ｍ･ｃｎｾｐｨｃｎ＠
-11.92 -38.54 -89.20 
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Following the thermodynamic characterisation of the solution process involving these 
ligands, their ability to interact with metal cations was assessed and this is discussed 
in the next Section. 
3.5 Complexation studies 
Several techniques were carried out to investigate the complexation of 5, 11,17,23 
tetrakis (1,1 dimethylethyl) 25,27- his [(2- methylthio) ethoxy] 26, 28- his [2-pyridyl 
methyloxy] calix[4]arene (Ll) and 5,11,17,23 tetrakis (1,1 dimethylethyl) 25,27-bis 
[(2-methylthio) ethoxy] 26,28-bis[3-pyridyltnethyloxy] calix[ 4]arene (L2) with metal 
cations (alkali, alkaline-earth and transition metal cations). Acetonitrile was chosen as 
the mediutn. This selection was based on the following facts, 
i. This solvent is a poorer solvator for most of the metal cations under study in 
comparison with other protic (alcohols) and dipolar aprotic (PhCN) solvents and 
therefore offers a more suitable medium for complexation. 
u. These ligands and their metal-ion complexes are soluble enough in these 
solvents. Moreover, the tnetal-ion complexes at relatively low concentrations are 
predominantly in their ionic forms in these media. 
iii. To assess the complexation process in solution, the metal-ion must be fully 
dissociated in the medium used for these investigations. Given that MeCN has a 
higher dielectric constant than PhCN and CH2Ch [26] it is expected that the 
cations in the former solvent have a lower tendency to form ion-pairs with the 
counter ion. This is particularly important when multi-charged ions are involved. 
iv. The availability of complexation data for several calix[ 4]arene derivatives in 
these solvents [19, 27, 28], can be used for comparative purposes. 
Thus in an attempt to identify the active sites of interaction of these ligands and the 
various cations in acetonitrile, 1H NMR complexation studies were carried out. 
3.5.1 1H NMR complexation studies 
In this section, the use of the 1 H NMR technique for the investigation of the 
complexation of L 1 and L2 with a selection of metal cations is discussed. Here 
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attention is focused on the site of interaction of the ligand with metal cations in 
CD3CN at 298 K. 
3.5.1.1 1H NMR spectt·um of (Ll) in deuterated acetonitrile (CD3CN) at 298 K. 
The 1H NMR spectrum ofLl in CD3CN at 298 K is shown in Fig 3.6 and data are 
listed in Table 3.14. A general inspection of the 1H NMR spectrum shows a pair of 
doublets for the bridging methylene protons (ArCH2Ar) which appears when the 
callix[4]arene is in a 'cone' conformation in solution [29]. 
The higher field proton at 3.18 ppm is assigned to the equatorial or exo proton (closer 
to the aromatic ring) while the lower field proton at 4.37 ppm, corresponds to the 
exial or endo proton (close to the ethereal oxygens). The fact that the defference in 
chemical shift between the axial and equatorial protons (AOax-eq) is greater than 0.9 
pptn is an indication that the aromatic rings become more parallel to each other while 
the macrocycle adopts a distorted 'cone' conformation. This is caused by the 
introduction of 'bulky' groups such as CH2Py and CH2CH2SCH3 which move as far 
as possible from each other in order to reduce the steric and the electrostatic effects at 
the lower rim. Taking into account the statements previously tnade regarding the 
importance of the methylene bridge protons in assessing the conformation of the 
ligand in solution, a value Ao axe-eq of 1.2 ppm indicates that the ligand is in a distorted 
'cone' conformation in CD3CN. 
9 PPM 
Fig 3.6: 1H NMR spectrum for Ll in CD3CN at 298 K 
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Fig 3.6 shows the specttum of Ll in CD3CN. In this spect1um, the two triplets 
observed between 2.79-4.02 ppm correspond to the OCHzCHzS system. The lack of 
the characteristic 1 :2:1 triplet intensity pattern observed here is due to the restricted 
rotation around the C-C bond of this system which is caused by the steric crowding 
effect between the lower rim substituents. Another distinctive feature in the spectrum 
is the non-equivalence of the t-butyl and aromatic protons attributed to the mixed 
donor atotns. 
The 1H NMR chemical shifts of the aromatic protons at the upper rim ofLl have been 
recorded at 6.48, 7.12 ppm in CDCh and 7.03, 7.20 ppm in CD3CN. Similar 
downfield shifts have been found for p-tert-butylcalix[ 4 ]arene tetraethanoate in 
CD3CN [27] and this has been attributed to a specific interaction taking place between 
acetonitrile and the hydrophobic cavity of the ligand. 
The presence of a molecule of acetonitrile in the hydrophobic cavity for p-tert-butyl 
calix[4]arene and its derivatives has been established by X-ray crystallographic 
studies [30, 1, 14, 15]. 
In order to investigate the chemical shift changes that the ligand undergoes upon 
complexation 1H NMR titrations of L 1 and L2 with metal cations in CD3CN were 
carried out at 298 K. 
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Table 3.14 1H NMR chemical shifts (oppm) ofLl in CD3CN at 298 K. 
c. 
I 
Protons Cppm 
t-butyl(Py) 1.10 
t-butyl(S) 1.22 
CH3S 1.88 
CH2CH2S 2.57 
CH(eq) 3.18 
CH2CH2S 3.82 
CH(ax) 4.37 
OCH2Py 4.98 
Ar(S) 7.03 
Ar(Py) 7.20 
ｐｹＨｈｾＵＩ＠ 7.34 
ｐｹＨｈｾＳＩ＠ 7.79 
Py(H-4) 7.91 
Py(H-6) 8.63 
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3.5.1.2 1H NMR titrations of(Ll) with lithium and sodium (perchlorate as 
the counter-ion) cations in deuterated acetonitrile (CD3CN) at 298 
K. 
Table 3.15 lists the chemical shifts for the free ligand and those observed upon the 
addition of lithium and sodium cations (as perchlorate) to a solution of L 1 in CD3CN 
at 298 K. Also included in this Table are the differences in chemical shifts (L\8 /ppm) 
for a given proton with respect to that of the free ligand. Ao values were calculated 
using eqn.3.12 
3.12 
Representive spectra recorded for L 1 with these metal cations in CD3CN at 298 K are 
shown in Appendix 2A 
The most marked downfield shifts seem to be those experienced by the methylene 
protons adjacent to the nitrogen donor atoms and by the methylene protons adjacent to 
the ethereal oxygen -OCH2Py. The most significant changes in the chemical shifts 
were those obsetved for the resonances of the 6-pyridyl protons which show a 
downfield shift of0.65 pptn, however, a parallel upfield shift is observed for 3-pyridyl 
(Ao= 0.53 ppm) and these could be attributed to the change in the ring current when 
cotnplexing with the metal cation. This fact suggests that the nitrogen atoms are 
involved in the complexation process. Chemical shift variations were also observed 
for the resonance of the 5 pyridyl protons, which are deshielded with a L\o value of 
0.28 ppm. The ligand therefore appears to interact with lithium through its oxygen 
and nitrogen donor atoms. 
As the complexation process proceeds, the two aromatic and !-butyl signals move 
progressively closer and remain very close together at the end point of the titration. 
The fact that these signals move to a similar resonance position indicates the 
formation of a more symmetrical 'cone' conformation as complexation with the metal 
cation forces the pendent arms to move closer. This is also supported by the changes 
observed for the bridging methylene protons on addition of the metal cation. Thus, 
the axial protons are shielded while the equatorial protons are de-shielded, resulting in 
a L\o nxc-eq of0.73 ppm for the lithium complex and 0.82 pp1n for the sodium complex, 
thus resembling a more symmetrical parent-like 'cone' conformation when con1pared 
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with the /lo ｡ｸ･ｾ･ｱ＠ value of 1.19 ppm for the free ligand. After the 1 : I ratio is reached, 
all chemical shift changes are virtually non-existent. 
Table 3.15: 1H NMR chemical shift changes ofLl upon complexation with 
lithium and sodium cations in CD3CN at 298 K 
0 
·0 f s 4 ｾ＠ I e I 
5 
Protons o(ppm) o(ppm) ilo(ppm) o(ppm) ilo(ppm) 
Ligand Li+L Na"11 
t-butyl(Py) 1.10 1.17 -0.07 1.21 -0.11 
!-butyl (S) 1.22 1.23 -0.01 1.24 -0.02 
CH3S 1.88 1.75 0.12 1.83 0.05 
CH2CH2S 2.57 2.38 0.19 2.25 0.32 
CH(eq) 3.18 3.36 -0.18 4.32 0.05 
CH2CH2S 3.82 4.02 -0.20 3.89 -0.07 
CH(ax) 4.37 4.09 0.28 3.50 -0.32 
OCH2Py 4.98 5.6 -0.62 5.26 -0.28 
Ar(S) 7.03 7.3 -0.27 7.37 -0.34 
Ar(Py) 7.20 7.38 -0.18 7.42 -0.22 
Py(H-5) 7.34 7.62 -0.28 7.58 -0.24 
Py(H-3) 7.79 7.26 0.53 7.48 0.31 
Py(H-4) 7.91 7.96 -0.05 8.02 -0.11 
Py(H-6) 8.63 9.28 -0.65 8.82 -0.19 
Overall similar though smaller downfield shift changes are observed for the 
complexation of the L1 with sodium in comparison with those found for the lithium 
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complex and this ligand in CD3CN. This is a clear indication that smaller changes in 
the conformation of the ligand are required upon complexation with the sodium cation 
in CD3CN. This could be attributed to the cation size effect in moving from lithium to 
sodium cation . 
Having established from 1H NMR complexation studies in CD3CN that, among the 
alkali-metal cations, Ll interacts only with Li+ and to a lesser extent with Na+, similar 
measurements were performed with this ligand and other metal cations. Thus the 1H 
NMR data for the complexation ofLl and other cations in CD3CN are now discussed. 
3.5.1.3 1H NMR titration of (Ll) with silver and tt·ansition metal cations 
(perchlorate as a counter-ion) in deuterated acetonitl'ile (CDJCN) 
at 298 K. 
Table 3.16 shows the chemical shift variations ofLl protons in CD3CN upon addition 
of the metal cations under investigation, all the chemical shift changes ( d8) are 
reported in ppm. 
The most marked downfield shifts seem to be those experienced by the methylene 
protons adjacent to the sulphur donor atoms and by the methylene protons adjacent to 
the ethereal oxygen -OCH2Py. The other most significant changes in the chemical 
shifts were those observed for the resonances of the Ｖｾｰｹｲｩ､ｹｬ＠ ring. However, a 
parallel upfield shift is observed for 3-pyridyl, and that could be attributed to the 
current effect occurring on the ring when complexing with the metal cation. This fact 
suggests that the nitrogen atoms are involved in the complexation process. Chemical 
shift variations were also observed for the resonances of the 5-pyridyl and 4-pyridyl 
protons. The ligand therefore appears to interact with the metal cations through its 
oxygen and its nitrogen and sulphur donor atoms. 
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Table 3.16: 1H NMR chemical shift changes ofL1 upon complexation with 
metal cations in CD3CN at 298 K 
w 
f ·6 
l 
Is • ｾ＠ '• 
oppm ａｧｾＱ＠ ｐ｢ Ｒ ｾＱ＠ ｃ､ Ｒ ｾＱ＠ ｚｮ Ｒ ｾＱ＠ ｃｵ Ｒ ｾＱ＠
Ligand 8ppm/ A8ppm 8ppm/ A8ppm 8ppm/ A8ppm 8ppm/ A8ppm 8ppm/ A8ppm 
t-butyl(Py) 1.10 1.14 1.24 1.18 1.14 1.14 
-0.04 -0.14 -0.08 -0.04 -0.04 
t-butyl(S) 1.22 1.16 1.28 1.24 1.25 1.25 
0.06 -0.06 -0.02 -0.02 -0.03 
CH3S 1.88 Deshielded Deshielded 1.86 1.85 Deshielded 
0.02 0.03 
CH2CHzS 2.57 2.71 2.88 3.19 2.29 2.28 
-0.14 -0.31 -0.62 0.28 0.29 
CH(eq) 4.37 4.25 4.25 4.06 4.17 4.17 
-0.03 -0.50 -0.01 0.26 -0.05 
CHzCH2S 3.82 3.86 3.97 3.72 3.71 3.7 
-0.04 -0.15 0.10 0.11 0.12 
CH(ax) 3.18 3.21 3.23 3.19 2.92 3.23 
0.13 0.12 0.31 0.20 0.20 
OCHzPy 4.98 5.12 5.51 5.56 5.36 5.36 
-0.14 -0.53 -0.58 -0.38 -0.38 
Ar(S) 7.03 7.11 7.50 7.46 7.19 7.19 
-0.08 -0.46 -0.43 -0.16 -0.16 
Ar(Py) 7.20 7.13 7.56 7.56 7.33 7.33 
0.07 -0.36 -0.36 -0.13 -0.13 
Py(H-5) 7.34 7.39 7.91 7.87 7.85 7.88 
-0.05 -0.12 -0.53 -0.51 -0.54 
Py(H-3) 7.79 7.53 7.65 7.74 7.47 7.46 
0.26 -0.31 0.05 0.32 0.33 
Py(H-4) 7.91 7.92 8.21 8.28 8.25 8.25 
0.01 -0.29 -0.36 -0.34 -0.34 
Py(H-6) 8.63 8.75 9.22 8.44 10.02 10.03 
-0.12 -0.59 0.19 -1.39 -1.40 
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As the cotnplexation process proceeds, the two aromatic and t-butyl signals move 
progressively closer and indeed remain very close together at the end point of the 
titration. The fact that these signals move to a similar resonance position indicates the 
formation of a more symmetrical 'cone' conformation as complexation with the metal 
cation forces the pendent anns to move closer. This is also suppotted by the changes 
observed for the bridging methylene protons on addition of the metal cation resulting 
in a shift for the pair of doublets to a value close to -0.9 ppm. This resembles a more 
symmetrical parent-like 'cone' conformation when compared with the distorted cone 
conformation where ..18 axe-eq value of 1.12 ppm for the free ligand. This could be 
attributed to the pre-organising mechanism of the ligand in order to chelate and 
interact through ion-dipole interactions between its donor atoms and the metal cation. 
In all cases reported for the complexation of L 1 with a selection of metal cations it 
seems that the ligand adopts a more parent-like conformation when interacting with 
the metal cation ｾｂ｡ｸ･Ｍ･ｱ＠ -0.9 ppm. The only exception was those values found for the 
complexation with Zn2+ where ..18axe-eq is 1.25 ppm. This is an indication of 
conformational changes from a 'cone' conformation to a distorted conformation. 
Steric crowding between the lower rim substituents is believed to be responsible for 
the distorted 'cone' conformations. This change implies that the aromatic rings of the 
hydrophobic cavity (upper rim) moves further apart to compensate for the 
conformational changes of the lower rim (the hydrophilic cavity) were the groups are 
moving closer together to coordinate to the metal cation. After the 1: 1 ratio is 
reached; all chemical shifts changes are virtually non-existent. 
Overall, complexations follow a similar pattern in interacting with all donor atoms 0, 
N and S. The strength of the interactions appears to follow this order: 0, N and then 
S, the only exception appears to be the complexation with Cd2+ which seems to have 
slightly different order in interacting with these donor atoms. The pattern followed 0 
> S > N. On the other hand, the interaction of silver is similar but weaker in 
comparison with that with the metal cations under investigation. This statement is 
supported by the results obtained by potentiometry (sec 2.5.1). 
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3.5.1.4 1H NMR specta·um of (L2) in deute•·ated acetonitrile CD3CN at 298 
K. 
The 1H NMR spectrum of L2 in CD3CN at 298 K is shown in Fig 3. 7 and data are 
listed in Table 3.17. A general inspection of the 1H NMR spectrum shows a 
distinctive pair of doublets for the bridging methylene protons (ArCH2Ar). Taking 
into account the statements previously made regarding the importance of the 
methylene bridge protons in assessing the conformation of the ligand in solution, a 
value of Aoaxe-eq greater than 0.9 ppm indicates that the ligand is in a distorted 'cone' 
conformation in CD3CN. In this case the higher field proton at 3.15 ppm is assigned 
to the equatorial or exo proton (closer to the aromatic ring) while the lower field at 
4.28 ppm, corresponds to the axial or endo proton (closer to the ethereal oxygens). 
The value of A8 for L2 is 1.13 ppm. 
I I 
" 
ll I ｬｕｌ｟ｪｌＭｴｵＧｾＬｾ｜ＮＮＴＭＭ 1 I 
9 8 1 6 5 4 3 :i t ppm 
Figure 3.7: 1H NMR spectra for L2 in CD3CN at 298 K 
The fact that this is smaller than that for Ll, (Ao axe-eq is 1.21 ppm) is an indication 
that the macrocycle adopts a slightly less distorted 'cone' conformation and resembles 
a more symmetrical parent-like 'cone' conformation than that for Ll. This could be 
attributed to the change in position of the pyridyl nitro gens in the pendant arms from 
position 2 to 3 resulting in a reduction in the steric and the electrostatic effect at the 
lower ritn which is caused by the introduction of 'bulky' groups. These tend to move 
as far as possible from each other in order to reduce these effects. The two triplets 
observed between 2.54- 3.75 ppm are assigned to the OCH2CH2S system. The lack 
of the characteristic 1:2:1 triplet intensity pattern observed here is due to the restricted 
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rotation around the C-C bond of this system. This is caused by the steric crowding 
effect between the lower rim substituents. Another distinctive feature in the spectrum 
is the non-equivalence of the t-butyl and the aromatic protons attributed to the mixed 
pendant arms. 
Table 3.17: 1H NMR chemical shifts (8ppm) ofL2 in CD3CN at 298 K. 
Protons 8ppm 
t-butyl(Py) 1.13 
t-butyl(S) 1.19 
CH3S 1.88 
CH2CHzS 2.54 
CH(eq) 3.15 
CH2CH2S 3.75 
CH(ax) 4.28 
OCH2Py 5.07 
Ar(S) 7.08 
Ar(Py) 7.17 
Py(H-5) 7.37 
Py(H-4) 7.86 
Py(H-2) 8.61 
Py(H-6) 9.00 
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The solvent effect is reflected in the 1H NMR spectra of this ligand in CD3CN relative 
to that in CDCh. Thus in the latter solvent, the 1H NMR signal for the aromatic 
protons at the upper rim are found at 6.50 and 7.04 ppm (Experimental Sec. 2.6.3) 
while in CD3CN these are at 7.08 and 7.17 ppm respectively. 
3.5.1.5 1H NMR titration of (L2) with silver and a selection of transition 
metal cations (pe•·chlorate as a counter-ion) in deuterated 
acetonit•·ile (CD3CN) at 298 K. 
Table 3.18 shows the chemical shift variations of L2 protons in CD3CN upon addition 
of the silver and a selection of transition metal cations (perchlorate as counter-ion) at 
298K. 
Representive spectra recorded for L2 with these metal cations in CD3CN at 298 K are 
shown in Appendix 2B. 
It is clear that silver complexation follows a similar pattern to that obtained from the 
1H NMR. titration of L1 and this metal cation in CD3CN where the metal cation 
interacts with the 0 and N donor atoms and to a lesser extent with the S donor atoms. 
The most marked downfield shifts seem to be those experienced by the methylene 
protons adjacent to the ethereal oxygen on both arms, (the oxygen in the-O-CH2-Py) 
as well as those on the O-CHz-CH2 arm. Significant chemical shift changes were also 
observed for the protons of the pyridine ring. The ligand therefore appears to use its 
oxygen and nitrogen donor atoms in order to complex the cation 
Again the chemical shift changes occurring in the bridge methylene protons on 
addition of the silver salt, indicate that the ligand undergoes a pre-organisation 
mechanism when complexing with the metal cation in order to interact with the donor 
atoms of the ligand via dipole interactions. 
As far as Pb2+ and Zn2+ cations are concerned, 1 H NMR titrations show that for L2, 
the chemical shift changes follow a different pattern to those for the same metal 
cations and L1 in CD3CN. In this case it seems that both theN and S donor atoms 
appear to be involved in the complexation. However the most significant shift 
changes are observed for the protons on the pyridine ring followed by the shift 
changes found for the methylene groups next to the sulphur donor atoms. 
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Table 3.18: 1H NMR chemical shift changes of L2 upon complexation with metal 
cations (Ag +, Pb2+, Zn2+) in CD3CN at 298 K 
ｾ＠ ' 
l 
jo 
·6· S ""'- N 
. 
()ppm ａｧｾＲ＠ ｐ｢ Ｒ ｾＲ＠ ｚｮ Ｒ ｾＲ＠
Ligand 8pprn/ a8ppm 8ppm/ a8ppm 8ppm/ a8ppm 
t-butyl(Py) 1.10 1.03 1.21 1.18 
0.10 -0.08 -0.05 
t-butyl(S) 1.22 1.25 1.22 1.21 
-0.06 -0.03 -0.02 
CH3S 1.88 1.99 1.70 Deshielded 
-0.11 0.18 
CH2CH2S 2.57 2.76 2.34 2.36 
-0.22 0.20 0.18 
CH(eq) 4.37 3.23 3.35 3.16 
-0.08 -0.20 -0.01 
CH2CH2S 3.82 3.93 3.78 3.78 
-0.18 -0.02 -0.03 
CH(ax) 3.18 4.28 4.39 4.37 
0.00 -0.11 -0.09 
OCH2Py 4.98 4.89 5.04 5.02 
0.18 0.03 0.05 
Ar(S) 7.03 6.92 7.30 7.20 
0.16 -0.22 -0.12 
Ar(Py) 7.20 7.24 7.31 7.26 
-0.07 -0.14 -0.09 
Py(H5) 7.34 7.49 7.95 7.90 
-0.12 -0.58 -0.53 
Py(H4) 7.79 7.82 8.29 8.32 
0.04 -0.43 -0.46 
Py(H2) 7.91 8.60 8.96 8.89 
0.01 -0.35 -0.28 
Py(H6) 8.63 9.84 9.84 10.03 
-0.84 -0.84 -1.03 
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As for the two aromatic and t-butyl signals, the chemical shifts follow a similar 
pattern of those reported earlier. Thus these peaks move progressively closer and 
coincide forming a more 'cone' conformation- as complexation with the metal cation 
forces the pendant arms to move closer. This is also supported by the conformational 
changes which occur in the bridging methylene protons on addition of Pb2+ and Zn +2 
salts. Thus, the axial and the equatorial protons are shielded bringing them close 
together. After the 1: 1 ratio is reached, all chemical shifts are virtually non-existent. 
Having established the possible active sites of interaction of these ligands with metal 
cations in CD3CN at 298 K, conductance studies were undertaken with the aim of 
establishing the composition of the metal-ion complexes in the appropriate solvent 
and these are reported in the following section. 
3.6 Conductance 1neasurements 
Principles 
Conductance measurements have shown to be useful in the investigation of the 
behaviour of electrolytes in solution. Several investigations have been carried out in 
which these measurements were used to determine the complexation of metal-ion 
complexes involving macrocyclic ligands and metal cations in different media (32]. 
Quantitative studies to determine stability constants of metal-ion con1plexes have 
been performed using conductometric titrations. However, the derivation of log Ks 
values requires very accurate conductance data. In this work, conductance 
measurements were carried out with the aim of determining the extent of 
complexation between a given ligand and the metal ions under investigation. 
3.6.1 Determination of the conductivity cell constant at 298.15 K 
The experimental procedure used for the detetmination of the cell constant was 
described in Section 2.5 (Chapter 2). Table 3.20 shows conductance data for KCl at 
various concentrations as well as the corresponding values of the cell constant (8) in 
water at 298.15 K. 
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Table 3.20: Conductance of KCl against its concentration in water at 298.15 K for the 
determination of the conductivity cell constant. 
KCl Conductance e 
(mol dm-3) (S) (cm-1) 
0.0051 5.73 X 10-3 0.129 
0.0075 8.32 X 10-3 0.129 
0.0097 10.72 X 10-3 0.129 
0.0118 13.04 X 10-3 0.128 
0.0139 15.22 X 10-3 0.128 
0.0158 17.30 X 10·3 0.128 
0.0177 19.34 X 10-3 0.128 
0.0194 21.10 X 10·3 0.128 
0.0212 22.96 X 10·3 0.128 
0.0227 24.55 X 10-3 0.127 
0.0243 26.24 X 10-3 0.127 
0.0258 27.77 X 10-3 0.128 
0.0272 29.24 X 10-3 0.128 
0.0286 30.69 X 10-3 0.128 
The average value for the conductivity cell constant was found to be 0.129 ± 0.001 
cm·1 at 298.15 K. Having determined the constant of the conductivity cell, 
conductometric titrations were performed and these are now discussed. 
3.6.1.1 Conductometl"ic titrations of metal cations with L1 and L2 in acetonitrile 
(CH3CN) at 298.15 K. 
Tables 3.21 and 3.22 show the results obtained from a series of conductometric 
titrations of alkali metal (Li+, Na+) and silver cations (as perchlorates) with L1 (5, 11, 
17,23 tetrakis (1, 1 dimethylethyl)25,27-bis [(2-methylthio) ethoxy] 26,28-bis [2-
pyridyl methyloxy] calix[4]arene) and L2 (5,11,17,23 tetrakis (1,1 dimethylethyl) 25, 
27-bis [(2-methylthio) ethoxy] 26,28-bis [3-pyridyl methyloxy] calix[4]arene at 
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298.15 K in acetonitrile. These Tables contain molar conductance data, Am. against 
the ligand/metal cation ( cJcM) ratio. The corresponding titration curves are shown in 
Figs 3.8 and 3.9. 
Conductance data at cJcM = 0 are found to be close to those reported in the literature 
for alkali-metal perchlorates in acetonitrile at 298.15 K (33] which are in the 170-191 
S cm2 mor1 range. 
A quick assessment of the titration curves shown for Li+ and Na+ with L1 in 
acetonitrile clearly reveals similar patterns in both cases. Given that the electrolyte 
salt was placed in the conductance vessel, a decrease in the Am value on the addition 
of the ligand would be expected. This could be justified given that the size of the 
complexed metal-ion must be larger than that for the free solvated metal cation. 
In both cases, a well-defined curvature is obtained from the combination of the two 
linear fragments intersecting at the stoichiometry of the reaction which correspond to 
a 1: 1 ligand metal cation ratio. These indicate the formation of reasonably strong 
complexes in which one ligand interacts with one cation to give the metal-ion 
complex (eqn 3.13) 
M+ (MeCN) + L(MeCN) -> ML+ (MeCN) 3.13 
However, slight (or zero) slopes and without any indication of a change in slope at 
any given molar ratio were found forK\ Rb + and Cs + and Ll in acetonitrile at 298.15 
K. 
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Table 3.21: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of lithium (as perchlorate) with L 1 in acetonitrile at 
298.15 K. 
ｾＰ＠ :o s I 4 ｾ＠ Is 
cL/CMl+ Am cL/cM+ Am 
S cm2 mort S cm2 mort 
0.25 176.57 1.04 159.08 
0.30 175.32 1.10 158.71 
0.35 174.01 1.15 158.31 
0.39 172.88 1.21 158.09 
0.44 171.72 1.27 157.74 
0.48 170.47 1.32 158.20 
0.54 169.17 1.38 158.09 
0.60 167.48 1.44 158.04 
0.66 165.87 1.49 158.06 
0.71 164.72 1.54 158.16 
0.77 163.46 1.60 158.33 
0.82 162.18 1.65 158.26 
0.89 161.03 1.70 158.39 
0.94 160.23 1.76 158.65 
0.99 159.65 1.82 158.49 
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Table 3.22: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of sodium (as perchlorate) with L 1 in acetonitrile at 
298.15 K. 
ｾＰ＠ :o s I 4 ｾ＠ I G 
5 
cL/cMt+ Am cL/cM+ Am 
S cm2 mor1 S cm2 mor1 
0.08 182.80 1.15 139.40 
0.17 177.68 1.26 139.10 
0.27 172.40 1.37 139.10 
0.36 168.00 1.47 139.30 
0.46 163.50 1.57 139.40 
0.56 158.30 1.66 139.80 
0.66 153.40 1.76 139.40 
0.76 148.50 1.86 139.70 
0.86 143.70 1.96 139.70 
0.95 140.30 2.08 140.00 
1.05 139.70 2.17 140.30 
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Tables 3.24-3.27 show the results obtained for the conductometric titrations of 
bivalent metal cations (Pb2+, Cd2+, Zn2+ and Cu2+) with Ll in acetonitrile at 298.15 K. 
The conductometric titration curves (Figs 3.15-3 .18) show the presence of relatively 
strong interactions between L1 and these cations in acetonitrile. For these systems, the 
molar conductances decrease upon the addition of the ligand into the solution of metal 
cations in acetonitrile. Sharp breaks at the stoichiometry are observed. 
The data repotted in Tables 3.23 and 3.24 and representative titration curves for the 
Ni2+ and Co2+ with L 1 did not show any break point at any stoichiometry suggesting 
that very weak or no interactions take place between the ligand and these metal 
cations in acetonitrile. 
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Table 3.23: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of lead(II) (as perchlorate) with L 1 in acetonitrile at 
298.15 K. 
ｾＰ＠ :o s I 4 ｾ＠ Is 
CL/CM2+ Am cL/cM2+ Am 
S cm2 mor1 S cm2 mor1 
0.1 317.1 0.8 280.9 
0.1 315.2 0.9 278.1 
0.2 314.0 0.9 275.9 
0.2 312.3 1.0 274.5 
0.2 310.7 1.1 274.4 
0.3 308.8 1.1 274.4 
0.3 307.4 1.2 274.0 
0.3 305.8 1.2 274.0 
0.4 304.3 1.3 273.8 
0.4 302.1 1.4 273.7 
0.5 299.9 1.5 273.7 
0.5 297.9 1.5 273.8 
0.5 296.1 1.7 273.5 
0.6 294.6 1.7 273.5 
0.6 292.8 1.8 273.5 
0.6 290.8 1.8 273.5 
0.7 288.6 2.0 273.5 
0.7 286.0 2.0 273.5 
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Table 3.24: Conductance (Am ) values against the ligand:metal cation concentration 
ratio for the titration of cadmium(II) (as perchlorate) with L1 in 
acetonitrile at 298.15 K. 
1"0 :o s I 4 ｾ＠ Is 
cL/cMz+ Am CL/CM2+ Am 
S cm2 mor1 s cm2 mor1 
0.1 365.9 1.0 293.0 
0.1 361.3 1.0 290.3 
0.2 356.0 1.1 288.5 
0.2 352.1 1.1 287.5 
0.3 347.7 1.2 287.2 
0.3 342.7 1.3 287.1 
0.4 337.7 1.4 286.9 
0.5 332.8 1.4 286.7 
0.5 328.7 1.5 286.5 
0.6 322.6 1.6 286.4 
0.6 317.6 1.7 286.0 
0.7 312.1 1.8 285.7 
0.8 307.6 2.0 285.7 
0.8 302.3 2.2 284.9 · 
0.9 297.8 2.4 284.4 
0.1 365.9 2.5 284.0 
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Table 3.25: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of copper(II) (as perchlorate) with L 1 in acetonitrile 
at 298.15 K. 
ｾＰ＠ :6 s I 4 ｾ＠ Is 
5 
CL/CM2+ Am cL/cMz+ Am 
S cm2 mort S cm2 mort 
0.1 380.1 1.0 305.5 
0.1 375.3 1.0 303.1 
0.2 370.8 1.1 301.4 
0.2 365.8 1.1 300.7 
0.3 362.0 1.2 300.6 
0.3 357.8 1.3 300.2 
0.4 353.1 1.4 300.2 
0.4 348.2 1.4 300.5 
0.5 343.5 1.5 300.5 
0.5 339.6 1.6 300.5 
0.6 333.8 1.8 300.5 
0.7 329.0 1.9 300.5 
0.7 323.7 2.0 300.1 
0.8 319.4 2.1 300.0 
0.8 314.3 2.2 299.6 
0.9 310.1 2.3 299.7 
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Table 3.26: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of zinc(ll) (as perchlorate) with L 1 in acetonitrile at 
298.15 K. 
ｾＰ＠ :o s I 4 ｾ＠ Is 
CL/CM2+ Am CL/CM2+ Am 
S cm2 mort S cm2 mort 
0.1 254.1 1.3 202.6 
0.1 250.1 1.4 202.4 
0.2 245.8 1.5 202.0 
0.3 241.3 1.6 201.8 
0.4 237.2 1.7 201.6 
0.4 233.9 1.8 201.8 
0.5 229.9 2.0 201.8 
0.6 224.4 2.1 201.6 
0.7 218.5 2.3 201.5 
0.8 213.0 2.4 201.4 
1.0 208.0 2.5 201.5 
1.1 204.0 2.6 201.5 
1.2 203.2 2.8 201.1 
0.1 254.1 1.3 202.6 
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Table 3.27: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration ofNickel(II) (as perchlorate) with L 1 in acetonitrile 
at 298.15 K. 
/"0 :o s I 4 ::::::..... I s 
5 
CL/CM2+ Am CL/CM2+ Am 
S cm2 mor1 S cm2 mor1 
0.10 343.84 1.78 342.63 
0.22 343.72 1.96 342.59 
0.35 343.94 2.11 342.38 
0.46 343.92 2.27 342.12 
0.59 343.50 2.44 342.08 
0.73 343.45 2.59 342.05 
0.88 343.18 2.72 341.73 
1.03 343.23 2.87 341.26 
1.15 343.27 2.98 341.94 
1.30 342.93 3.12 341.75 
1.47 342.89 3.30 341.39 
163 342.82 3.46 341.47 
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Table 3.28: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of Cobalt(II) (as perchlorate) with L 1 in acetonitrile 
at 298.15 K. 
1"0 :o s I 4 ｾ＠ Is 
CL/CM2+ Am CL/CM2+ Am 
S cm2 mor1 S cm2 mor1 
0.03 337.92 0.49 338.36 
0.07 338.05 0.54 338.43 
0.10 338.24 0.58 338.47 
0.13 338.23 0.63 338.15 
0.15 338.21 0.69 338.15 
0.19 338.35 0.75 338.12 
0.21 338.45 0.81 338.10 
0.25 338.60 0.86 337.61 
0.28 338.66 0.92 337.65 
0.30 338.41 0.99 337.55 
0.33 338.33 1.05 337.49 
0.37 338.28 1.10 337.22 
0.40 338.07 1.16 337.15 
0.45 338.30 1.21 337.02 
---:---------- - ·- . 
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Figure 3.10: Conductometric titration curve for the titration of lead(II) (as 
perchlorate) with L 1 in acetonitrile at 298.15 K. 
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Figure 3.12: Conductometric titration curve for the titration of copper(II) (as 
perchlorate) with L 1 in acetonitrile at 298.15 K. 
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Figure 3.13: Conductometric titration curve for the titration of zinc(II) (as 
perchlorate) with L1 in acetonitrile at 298.15 K. 
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Figure 3.14: Conductometric titration curve for the titration of nickel(II) (as 
perchlorate) with Ll in acetonitrile at 298.15 K. 
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Figure 3.15: Conductometric titration curve for the titration of cobalt(II) (as 
perchlorate) with L 1 in acetonitrile at 298.15 K. 
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Conductimetric experiments were also carried out for the same selection of bivalent 
cations with L2. Tables 3.29-3.32 list the data collected for these titrations. Respective 
plots of Am against cJcM+ or cJcM2+ are shown in Figs 3.16-3.19. The curves 
recorded for the titrations of L2 with lead, cadmium, zinc, copper and silver (as 
perchlorates) in acetonitrile at 298.15 K show that Am values decrease as the metal 
cation is titrated with the ligand. These findings provide indication that during the 
complexation process, the change of the cation size in moving from the free to 
complex cation will affect the mobility and therefore the conductance of the solution. 
A well defined 1: 1 stoichiometry was found from the conductimetric titrations. A 
general comparison between the data involving these macrocycles reflect that in 
moving from Ll to L2, cation-ligand interactions are weaker. This could be attributed 
to the change in the distance between the 0 and the N of the pyridyl groups in the 
pendant arms in moving from L1 to L2. 
This is also reflected in the interaction of these ligands with alkali-metal cations. The 
cooperative effect of the ethereal oxygen and the pyridyl nitrogen atoms which appear 
to provide the sites of interaction ofLl with Li+ and Na+ metal cations disappears. In 
the case ofL2 this ligand is unable to complex with these cations in acetonitrile. 
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Table 3.29: Conductance (Am) values against the concentration ratio for the titration 
of silver(I) (as perchlorate) with L2 in acetonitrile at 298.15 K. 
ｾＰ＠ 0 
.A, s I I Ｕｾｎ＠
6 
CL/CM2+ Am cJcM+ Am 
s cm2 mort S cm2 mort 
0.1 155.3 2.3 142.7 
0.2 154.3 2.7 141.9 
0.3 152.6 2.9 141.6 
0.5 151.2 3.2 141.1 
0.7 150.1 3.5 140.6 
0.9 147.8 3.7 140.1 
1.1 146.3 4.1 139.4 
1.3 145.3 4.4 138.9 
1.5 144.7 4.7 138.2 
1.8 143.7 5.1 137.6 
2.1 143.2 5.5 137.3 
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Table 3.30: Conductance (Am) values against the concentration ratio for the titration 
oflead(II) (as perchlorate) with L2 in acetonitrile at 298.15 K. 
ｾＰ＠ 0 )'n2 s I ｳｾｎ＠
6 
CL/CM2+ Am CL/CM2+ Am 
S cm2 mort S cm2 mort 
0.1 310.2 1.8 256.2 
0.2 303.2 2.0 256.7 
0.3 296.7 2.1 256.1 
0.4 289.7 2.3 256.3 
0.5 282.9 2.5 256.1 
0.6 276.8 2.7 256.4 
0.8 270.0 2.9 256.5 
0.9 263.5 3.1 256.5 
1.0 258.7 3.4 257.3 
1.1 257.6 3.8 257.0 
1.3 256.9 4.1 257.1 
1.4 256.2 4.4 257.3 
1.6 256.2 4.6 257.0 
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Table 3.31: Conductance (Am) values against the concentration ratio for the titration 
ofzinc(II) (as perchlorate) with L2 in acetonitrile at 298.15 K. 
ro 0 ＮｾｵＬ＠s I ｳｾｎ＠
6 
CL/CM2+ Am CL/CM2+ Am 
s cm2 mor1 s cm2 mor1 
0.1 289.8 2.2 241.6 
0.1 285.4 2.4 241.0 
0.2 282.7 2.7 240.0 
0.3 278.2 3.0 239.4 
0.4 273.3 3.2 238.9 
0.4 270.2 3.4 238.6 
0.6 264.3 3.6 238.1 
0.7 259.3 3.9 237.7 
0.9 255.2 4.1 237.2 
1.0 252.3 4.4 237.0 
1.2 249.0 4.7 236;7 
1.6 245.2 4.9 236.7 
1.8 243.5 5.2 236.3 
2.0 242.3 5.5 236.1 
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Table 3.32: Conductance (Am ) values against the concentration ratio for the titration 
of copper(II) (as perchlorate) with L2 in acetonitrile at 298.15 K. 
ｾＰ＠ 0 
,)n2 s 
I I ｳｾｎ＠
6 
CL/CMl+ Am CL/CM2+ Am 
S cm2 mor1 S cm2 mor1 
0.5 346.3 2.0 293.9 
0.6 333.6 2.2 293 .3 
0.7 324.0 2.4 293.1 
0.8 313.5 2.6 293.5 
0.9 306.3 2.8 293.5 
1.0 302.2 3.0 293.0 
1.1 300.2 3.3 293 .9 
1.2 298.6 3.5 293.4 
1.3 297.0 3.7 293.4 
1.5 296.1 3.9 293.7 
1.6 295.0 4.2 293.8 
1.8 294.3 4.4 294.4 
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Figure 3.16: Conductometric titration curve for the titration of silver(I) (as 
perchlorate) with L2 in acetonitrile at 298.15 K. 
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Figure 3.17: Conductometric titration curve for the titration of lead(II) (as 
perchlorate) with L2 in acetonitrile at 298.15 K. 
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Figure 3.18: Conductometric titration curve for the titration of zinc(II) (as 
perchlorate) with L2 in acetonitrile at 298.15 K. 
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Table 3.19: Conductometric titration curve for the titration of copper(II) (as 
perchlorate) with L2 in acetonitrile at 298.15 K. 
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Having established the stoichiometry of the metal-ion complexes in acetonitrile at 
298.15 K, the following section discusses conductance measurements carried out in 
benzonitrile. 
Tables 3.33 and 3.34 show the results obtained for the conductimetric titrations of two 
metal cations in the alkali metal series, lithium and sodium (as perchlorates) with L 1 
5,11,17,23 tetrakis (1,1 dimethylethyl) 25,27-bis [(2-methylthio) ethoxy] 26,28-bis [2-
pyridyl methyloxy] calix[4]arene in benzonitrile at 298.15 K. 
Table 3.33: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of lithium (as perchlorate) with L 1 in benzonitrile 
at 298.15 K. 
/"0 :o s I 4 ｾ＠ Is 
5 
cL/cM2+ Am cL/cM+ Am 
S cm2 mor1 S cm2 mor1 
0.08 35.18 1.32 30.41 
0.16 34.82 1.43 30.44 
0.23 34.41 1.54 30.41 
0.32 33.86 1.66 30.41 
0.44 33.13 1.80 30.41 
0.55 32.52 1.91 30.37 
0.67 31.88 2.01 30.37 
0.77 31.31 2.12 30.34 
0.88 30.65 2.24 30.34 
1.03 30.48 2.41 30.34 
1.17 30.41 2.53 30.34 
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Table 3.34: Conductance (Am) values against the ligand:metal cation concentration 
ratio for the titration of sodiutn (as perchlorate) with L 1 in benzonitrile 
at 298.15 K. 
ｾＰ＠ :o s I 4 ｾ＠ Is 
5 
CL/CM2+ Am cL/cM+ Am 
s cm2 mor1 s cm2 mor1 
0.14 35.22 1.18 31.25 
0.27 34.62 1.32 31.22 
0.41 34.04 1.49 31.25 
0.55 33.43 1.69 31.25 
0.66 32.94 1.86 31.28 
0.81 32.32 2.04 31.31 
0.93 31.80 2.21 31.28 
1.06 31.43 2.46 31.28 
------------------- - - - -- -
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Conductometric titration curve for the titration of sodium (as 
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The electrolyte salt was placed in the conductivity cell and a decrease in the 
conductivity was observed. The latter is clearly demonstrated in Figs 3.20 and 3.21 on 
the addition of the ligand. This indicates that the complexed cation is characterised 
by a lower mobility (more solvated) than the free cation. 
From condactance measurements it could be concluded that L1 interacts with lithium, 
Li+, sodium, Na +, lead, Pb2+, cadmium, Cd2+, zinc, Zn2+ and copper, Cu2+ cations in 
acetonitrile at 298.15 K forming complexes of 1:1 stoichiometry. This ligand seems 
also to interact with lithium and sodium in benzonitrile forming 1: 1 complexes. As far 
as the interaction of Ll and alkali-metal cations in both solvents is concerned, the 
ligand discriminates against the larger alkali-metal cations (K+, Rb + and Cs +). For L2, 
complexes are formed with lead, Pb2+, cadmium, Cd2+ zinc, Zn2+, copper, Cu2+ and 
silver in acetonitrile at 298.15 K. 
Having established the composition of the alkali-metal complexes with L 1 in 
acetonitrile and benzonitrile at 298.15 K and for the bivalent cations and L 1 and L2 in 
acetonitrile at the same temperature, the thermodynamic characterisation of these 
metal-ion complexes in the appropriate solvents was carried out and this is discussed 
in the following section. 
3. 7 Thermodynamics of complexation of L1 and L2 with metal cations in 
acetonitrile at 298.15 K 
3. 7.1 Determination of stability constants of metal-ion complexes. 
3. 7 .1.1 Potentiontetric Titrations 
The results are discussed as follows. 
i) Detennination of the standard potential, E 0 , of the electrochemical cell. 
ii) Determination of the stability constant of L 1 and L2 with the silver cation in 
acetonitrile at 298.15 K. 
iii) Determination of stability constants of a selection of metal cations with Ll and 
L2 in acetonitrile at 298.15 K. 
--- - - ------------------------------
------------------------------ ... . . 
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i) Determination of tile standard ｰｯｴ･ｮｴｩ｡ｾ＠ E 0 , of tlte electroclte1nical cell 
The calibration of the electrode was carried out in acetonitrile at 298.15 K as 
described in the Experimental Part (see Section 2.10.2.1). Table 3.35 shows the 
response of the silver electrode to changes in the activity of the Ag + ions in 
acetonitrile. Fig 3.22 shows the corresponding plot of potential, E, against the 
negative logarithtn of the concentration of the silver-ion. 
Table 3.35: Potentiometric data used to determine the standard potential, E 0 , of 
the electrochemical cell in acetonitrile at 298.15 K. 
-log[Ag+] mV 
4.656 269.8 
4.591 273.5 
4.535 276.7 
4.486 279.6 
4.443 282.2 
4.403 284.6 
4.367 286.7 
4.335 288.7 
4.305 290.5 
4.277 292.2 
4.251 293.7 
4.226 295.1 
4.204 296.4 
4.182 297.6 
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Plot of E against -log [Ag+] for the determination of the standard 
potential, E 0 , of the electrochemical cell in acetonitrile at 298.15 K. 
Taking into account the Nemst equation (eqn.2.5) it follows from Fig 3.22 that a 
slope ..... 59.1 m V was calculated as expected frotn this equation for n = 1. 
3. 7 .1.2 Determination of the stability constant of Ll and L2 with the silver cation 
in acetonitrile at 298.15 K. 
Stability constant ofLl with the silver cation in acetonitrile at 298.15 K ( eqn 3.14) 
was determined by potentiometry. 
Ag+(MeCN)+L(MeCN) Ks >Ag+L(MeCN) 3.14 
These measurements were carried out in an electrochemical cell formed by two silver 
electrodes as described in the Experimental Section. Potentiometric data obtained for 
the titration of silver with Ll in acetonitrile at 298.15 K are shown in Table 3.36. 
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Table 3.36: Potentiometric data obtained for the titration of Ll into the silver salt 
solution in acetonitrile at 298.15 K. 
Ll/Ag+ E/mV 
0.208 295.4 
0.332 293.3 
0.474 291.1 
0.630 289.1 
0.807 287 
0.998 285.1 
1.199 283.4 
1.424 281.6 
1.665 279.9 
1.935 278.1 
2.071 277.3 
2.221 276.4 
2.379 275.5 
2.534 274.7 
2.705 273.8 
2.862 273.1 
3.024 272.4 
The value for the stability constant of the Ag +Ll complex obtained in acetonitrile at 
298.15 K from potentiometric measurements is log Ks = 4.44 ± 0.06. This value is the 
average obtained from twenty-four measurements. For the Ag+L2 complex (Table 
3.37), the average log Ks value is slightly lower (log Ks ａｧｾＲ＠ = 3.65 ± 0.02). 
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Table 3.37: Potentiometric data obtained for the titration of L2 into the silver salt 
solution in acetonitrile at 298.15 K. 
L2/Ag+ mV 
0.049 299 
0.151 297.8 
0.259 296.6 
0.372 295.5 
0.490 294.4 
0.609 293.5 
0.733 292.6 
0.868 291.5 
1.001 290.6 
1.144 289.6 
1.289 288.7 
1.444 287.7 
1.594 286.9 
1.748 286.1 
1.834 285.6 
1.922 285.1 
2.004 284.7 
A higher stability constant was observed for the silver cation and L 1 relative to L2 in 
acetonitrile at 298.15 K, which could be attributed to the conttibution of both donor 
atoms 0 and N in L 1, while for L2 the distance between the pyridyl N and 0 is 
greater. 
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3.7.1.3 Determination of stability constants of alkali and selected soft and 
transition metal cations with (Ll) in acetonitrile at 298.1°5 K 
Table A.l-A.2 in Appendix 1 lists titration potentiometric data for the complexation 
of Ll with lithium and sodium (as perchlorates) to the solution of the silver-L1 
complex in acetonitrile at 298.15 K. Table A.3-A.6 in the same Appendix 11ists the 
data for Pb(II)) Cd(II)) Cu(II) and Zn(II) (as perchlorates) in acetonitrile at 298.15 K) 
derived from the competitive potentiometric method. A gradual change of potential 
with mole ratio is observed around the end point suggesting that the stability constant 
has an intermediate value. Table 3.38 lists stability constants (expressed as logKs) of 
various metal cations with Ll in acetonitrile at 298.15 K derived from these 
measurements. 
Table 3.38: Stability constants of various metal cations with Ll in acetonitrile 
determined by potentiometry at 298.15 K. 
Cation logKs 
Li+ 5.41 ± 0.18 
Na+ 5.23 ± 0.02 
Pb2+ 4.46 ± 0.05 
Cd2+ 5.17±0.01 
Zn2+ 4.97 ± 0.01 
Stability constants reported in this Table show that although relatively strong 
complexes are formed) L 1 is able to recognise selectively these cations in acetonitrile 
in the following sequence Li+>Na+>Cd2+>Zn2+>Pb2+. However, small differences are 
found between the log Ks values for these systetns. These are likely to be the result of 
a substantial complete enthalpy-entropy compensation effect. 
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3.7.1.4 Deter1nination of stability constants of bivalent metal cations (as 
perchlorates) with L2, in acetonitl"ile at 298.15 K 
Table B.1-B.4 in Appendix 1 lists titration potentiometric data for the complexation of 
L2 with nickel, Ni2+, cobalt, Co2+, zinc, Zn2+, copper, Cu2+, cadtnium, Cd2+, lead, 
Pb2+ (as perchlorates) ) to the solution of the silver-L2 cotnplex in acetonitrile at 
298.15 K., derived from the competitive potentiometric method. A gradual change of 
potential with the mole ratio is observed around the end-point of the titration. Table 
3.39lists stability constants (expressed as logKs) of various metal cations with L2, in 
acetonitrile at 298.15 K derived from these measurements. 
Table 3.39: Stability constants of bivalent cations with L2 in acetonitrile at 298.15 
K determined by potentiometry. 
Cation logKs 
Ni2+ 4.10 ± 0.02 
Co2+ 3.72 ± 0.01 
Pb2+ 4.00 ± 0.02 
Cd2+ 3.45 ± 0.02 
Cu2+ 3.61 ± 0.05 
Zn2+ 4.05 ± 0.01 
Unlike L1, this ligand discriminates against the alkali and alkaline-earth metal 
cations. This is attributed to an increase in the distance between the ethereal oxygens 
and the pyridyl nitrogens which enables this ligand to provide the coordination 
arrangement required to interact with these cations. The selectivity trend observed is 
as follows, Ni2+ = Zn2+ = Pb2+) Co2+= Cu2+ = Cd2+ Again poor selectivity is shown 
by L2 for bivalent cations in acetonitrile. Furthermore the stability of the complexes 
decreases in moving from Ll to L2. 
Having determined the stability constants ofL1 and L2 with these complexes of metal 
cations and to gain a better understanding on the complexation process involving 
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these cations and these ligands in these solvents, the enthalpy and entropy of 
complexation should also be determined. It will be then possible to distinguish 
whether the enthalpy or entropy ( 8cH0 or 8cS o) control the complexation process. 
The best method for the determination of the enthalpy of complexation is calorimetry. 
The potentiometric titration measurements showed that log Ks values are within the 
scope of calorimetry. Therefore, titration calorimetry was the technique selected to 
derive the thermodynamics of cotnplexation of L 1 and L2 and metal cations in 
acetonitrile and benzonitrile at 298.15 K. Before proceeding with calorimetric 
titrations to derive log Ks and .L\JI values, the standard reaction to check the reliability 
of the calorimeter was carried out. 
3. 7.2 Titration Calorimetry 
3. 7 .2.1 Determination of the stability constant and enthalpy change of 
complexation from calorimetric data 
In the case of the stepwise formation of the ML complex between a metal-ion and a 
ligand L , the following equations describe the equilibrium taking place for the 
formation of a 1: 1 complex in a given solvent. 
M"+(s) + L(s) ｾｍＢＫｌＨｳＩ＠ 3.15 
Eqn. 3.15 implies that both, the free and complex metal cations are predominantly in 
their ionic forms in solution. Previous work carried out at the Thermochemistry 
Laboratory demonstrated that this is indeed the case for the concentration range of 
metal-ion salts used in these experiments (see Experimental Section) 
The stability constant K 81 for the species (assuming relatively dilute solutions in 
which case the activity coefficient of the neutral ligand is close to unity and the 
activity coefficients of the metal-ion and metal-ion complex are similar) is defined in 
eqn.3.16. 
3.16 
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In eqn. 3.16 [M'I+], [L] and [M"+ L] are the equilibrium molar concentrations of the 
free reactants (metal-ion and ligand) and of the complex formed respectively. 
The total heat of the reaction is given by: 
1l 
Q = -V I:[M;L] AcH; 
j;l 
3.17 
where V is the volume of the resulting solution and AcHi is the enthalpy of 
complexation. 
From the mass balance equations it follows that, 
II 
[MT] = [M] + Li[MtL] 3.18 
i=l 
II 
[LT] = [L] + L [M;L] 3.19 
i=l 
where [MT] and [Lr] are the total concentrations on the molar scale of the metal-ion 
and the ligand in the calorimetric vessel. 
If the values of K 81 are known, the values of [M;L] can be calculated by combining 
eqns. 3.17, 3.18 and 3.19. The values of AcH,. can then be obtained by a linear least 
squares estimation algorithm from the set of 1n measurements by minimising the sum 
of squared differences, U , between the experimental and the calculated values of Q . 
u = L (Qexp -V ±£MtLl AcH1J
2 
m t=I 
3.20 
The determination of Ks, involves an iterative assumption of a set of values for Ks; 
with subsequent evaluation of the error function, U , until the optimal values for K s 1 
and AcH; are found so that U is minimised. In practice, a computer program for the 
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calculation of logKs and AcH0 was developed at the Thermochemistry Laboratory 
[23]. 
Having obtained the stability constant, Ks and the enthalpy of complexation, AcH0 , 
the standard Gibbs energy, AcG0 and the standard entropy of complex formation, 
AcS0 , can be derived from the following equations 
3.21 
and 
3.22 
For 1: 1 complexes ( eqn 3 .20), the mass balance equations lead to 
[Lr] =[L ]+ [.ML] 3.23 
and 
[Mr]=[M]+[ML] 3.24 
Therefore, 
[ML] [ML] Ks = = ------=--=-----[M][L] ([Lr]- [.ML])([Mr] -[ML]) 3.25 
Rearrangement ofeqn. 3.25 yields the following quadratic equation in terms of [ML]. 
The negative solution of the above quadratic equation is guaranteed to satisfy the 
necessary constraints [ML]>O and [Lr] ｾ＠ [ML], and is given by: 
([Lr ]+[Mr ]+1/Ks ＩＭｾＨ｛ｌｲ＠ ]+[Mr ]+ 1/Ks)2 -4[Lr ][Mr] [ML] = 
2 
3.27 
The value of Q can be calculated according to 
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3.28 
The sum of squared errors, U, for all m measurements is then given by the following 
equation. 
3.29 
m 
The value of tl 0 H can be found using a linear least-squares optimisation algorithm 
so that 
3.30 
111 
is minimised. The value of K s which minimises U can then be found by using 
suitable numerical optimisation algorithms as explained in the previous Section. 
Before proceeding with the results obtained by calorimetry, the Burette Delivery Rate 
(BDR) was determined. This is described in the following Section. 
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3. 7 .2.2 Detet·mination of the BDR 
In order to determine the amount of titrant delivered by the burette in a known period 
of time, measurements were carried out as described in section 2.11.3ii. Table 3.40 
lists the data for the determination of the burette delivery rate. 
Table 3.40: Burette delivery rate, BDR at 298.15 K. 
Time (s) Weight (g) BDR (JJ.I s-1) 
25.44 0.14063 5.44 
27.18 0.14854 5.48 
25.62 0.13880 5.43 
25.71 0.13961 5.45 
25.75 0.14130 5.50 
25.45 0.13877 5.47 
25.44 0.13760 5.43 
25.54 0.14101 5.54 
25.88 0.14159 5.49 
An average ofBDR was calculated from the data given in Table 3.29 (5.48 ± 0.04 f..ll 
-1) s . 
3.7.2.3 Deter·mination of the thermodynamic parameters of the complexation of 
(5,11,17,23 tetrakis (1,1 dimethylethyl) 25,27-bis [(2-methylthio) ethoxy] 
26,28-bis [2-pyridylmethyloxy] calix[4]arene] L1 and alkali- metal cations 
(perchlo•·ate as the counter-ion) cations in acetonitrile and benzonitrile at 
298.15 K. 
Having established the strength and the stoichiometry of the reaction between Ll and 
the alkali-metal cations in MeCN and PhCN at 298.15 using conductiometric 
measurements, the thermodynamic parameters for these reactions were determined. 
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Stability constants (expressed as log Ks) and standard Gibbs energies of complexation 
ｾ｣ｇ Ｐ Ｌ＠ enthalpies, AcH0 and entropies, ｾ｣ｓ Ｐ＠ of L 1 with lithium and sodium in 
acetonitrile and benzonitrile at 298.15 K are listed in Table 3.41. The small heats and 
the slow kinetics of complexation of this ligand with these cations prevent the 
derivation of these data from classical calorimetry. Therefore, these data were 
obtained from titration microcalorimetry. In the latter technique, the capacity of 
measuring heats associated with slow processes is well established [34, 35]. 
Given that alkali metal salts are fully dissociated in acetonitrile and benzonitrile, it is 
assumed that the metal cation complex salt is also dissociated. This assumption is 
made on the basis that the size of the metal-ion complex is larger than that of the free 
metal cation and therefore it is most likely that the former would also be 
predominately in its ionic form in these solvents. 
In all cases an excess of the metal-ion solution was placed into the calorimetric vessel 
containing the ligand to ensure that all the free ligand was complexed. However, it 
was clear that a 1: 1 complex was formed. On this basis thermodynamic data were 
calculated for a 1: 1 ligand:metal-ion ratio as shown in ( eqn 1.1) were calculated. 
Based on the process described in the equation 1.1 (p 21 ), the stability constant (log 
Ks), the derived standard Gibbs energy, ｾ｣ｇ Ｐ Ｌ＠ the enthalpy, ｾ｣ｈｯ＠ and entropy, ｾ｣ｓ＠ D 
were calculated and data for the complexation ofLi+ and Na+ with L1 in MeCN and 
PhCN at 298.15 K are reported in Table 3.41. 
Comparison between these values and those obtained by potentiometry (see section 
2.5.1.3) shows good agreement between the sets of data derived from two different 
methods. An average logKs value calculated using the data derived from 
potentiometry and calorimetry to derive the standard Gibbs energy of complexation, 
AcG0 of L1 and Li+ and Na+ in acetonitrile. 1H NMR as well as conductiometric 
studies shows that no complexation takes place between this ligand and the large 
alkali-metal cations (K+, Rb + and Cs +) in acetonitrile. Conductance measurements 
suggest that this is also the case for these systems in benzonitrile. The results shown 
in Table 3.30 indicate that the ligand is slightly more selective for Li+ relative to Na + 
in these solvents. While the ｾ｣ｇ Ｐ＠ values do not differ significantly between these two 
cations in a given solvent or indeed in these solvents, considerable differences are 
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found in their enthalpic and entropic contributions. As far as the lithium cation is 
concerned, two patterns are observed. Thus in acetonitrile, lithium is enthalpically less 
stable than sodium, while the opposite is true in terms of entropy. This is the reverse 
trend to that observed in benzonitrile where the enthalpic stability of the process is 
greater for Lt relative to Na + and these are compensated by more favourable entropy 
for Na+ relative to Li+. For comparison purposes [15] the values for an analogous 
derivative, la and these cations in these solvents are also included in Table 3.30. Both 
ligands show a slightly higher affinity for lithium relative to sodium and the trend 
observed in terms of enthalpy and entropy in the two solvents is the same for L 1 and 
la. As far as the ligand effect is concerned, the most distinctive feature of the data is 
that while the stability of the complex is greater for la relative to L 1 in acetonitrile, 
the opposite is true in benzonitrile. It is reasonable to expect that replacement of 2-
pyridyl groups in 2-PyrCalix [4] by two methyl sulphanyl groups in Ll will lead to a 
decrease in the complex stability of the latter with respect to the former. However 
desolvation of ligand and metal cation as well as solvation of the metal-ion complex 
are likely to contribute significantly to the stability of complex formation and these 
are reflected in the changes observed in the L\.cH0 and L\.0S0 values in altering either the 
cation, the ligand or the solvent. A general feature is the considerable degree of 
enthalpy-entropy compensation effect which is observed in the data reported in Table 
3.41. 
Relatively high stability constant values presented in Table 3.41 for most complexes 
give the opportunity to isolate the crystals of these complexes and determine their 
structure in the solid state. Suitable crystals were obtained for X-ray diffraction 
studies for the Na +L 1 complex using perchlorate as the counter-ion and this is now 
described. 
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Table 3.41: Thermodynamics of complexation of L1 and metal cations in 
acetonitrile and benzonitrile at 298.15 K. 
Catio 
n 
Lt 
Na+ 
LogKs 
5.4±0.1.} 
5.4± o.2b 
5.95 c 
5.20± o.oz•} 
5.23± o.o2b 
5.48° 
5.88 ± 0.01a 
5.10 c 
5.11 ± 0.01a 
4.74 c 
Acetonitrile 
i\cG0 L\JIO i\cS0 
kJ mor1 kJmor1 JK-1mor1 
5.42 ± 0.01 -30.9 ± 0.4 -26.2 ± 0.6 16.0 
-33.96 c -23.91 c 33.7 c 
5.22 ± 0.02 -29.8±0.1 -33.8 -13.4 
-31.31 c -25.6 c 19.1 c 
Benzonitrile 
-33.57 ± 0.06 -37.6 ± 0.1 -7.4 
-29.11 c 
-15.6 
-29.17 ± 0.02 -17.5 ± 0.4 39.1 
-27.06 c -24.4 c 
a From titration microcaloritnetzy, 6 From competitive potentiometry using the silver electrode. log Ks 
(L1 + Ag") in acetonitrile at 298.15 K, 4.4 ± 0.1, c data for la [20, 14] 
Table 3.42: Derived enthalpy and entropy of transfer of L I from acetonitrile to 
benzonitrile at 298.15 K. 
ｍ･ｃｎｾｐｨｃｎ＠
T/K 
298.15 -11.92 -38.54 -89.20 
--------------------- - -- - - --
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3.7.2.4 X ray crystallographic studies of the sodium and acetonitrile 
complex of Ll 
Similar direct and Fourier methods, which were used for the determination of the 
structure of the free calix [ 4] arene, were also used for the structural determination of 
its sodium and acetonitrile complex. Fig 3.23 demonstrates the resulting schematic 
reconstruction from the obtained crystallographic data. 
Figure 3.23: Side view of a partial crystal structure for the sodium and acetonitrile 
complex. Only one of the two mirror-related configurations of the 
disordered hydrophilic pocket is shown. 
It can be seen that an acetonitrile solvent molecule is occupying a position inside the 
calix while the cation is found inside the hydrophilic pocket. Moreover, the calix 
'cone' conformation exhibits less distortion and adopts a more symmetric 
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conformation when compared with the structure of the free ligand (fig 3.4). This can 
be attributed to the electrostatic forces between the Na + ion and the electron lone pair 
charge of the ethereal oxygen atoms. As a result of this interaction, the shorter of the 
two transversal 0 ... 0 separation distances is lengthened and the reverse is observed 
for the longer transversal separation distance. This new state occurs through rotation 
of the phenyl ring system around the linking CH2 groups. The interaction complicates 
even further by the "communication" of the Na+ ion with the electron lone pair of the 
pyridyl nitrogen atom aiding to its stabilization in the hydrophilic cavity. The net 
effect of the combination of all the above interactions seems to be favouring a 
significant positional disordering of the acetonitrile molecule found on the axis of the 
hydrophobic pocket. 
3. 7 .2.5 Complexation of selected soft and transition metal cations with (Ll) and 
L2 in acetonitrile at 298.15 K by titration microcalorimetry 
Calorimetric titrations for L 1 and some of the bivalent metal cations (Pb2+ and Cd2+) 
were carried out using microcalorimetry (see Table 3.43). This is due to the fact that 
slow kinetics was observed for the complexation process of these metal cations with 
L 1 and L2 in acetonitrile as shown by conductance and potentiometric studies. This 
can be attributed to the slow retnoval of the solvation shell of the charged metal (II) 
cations. Therefore, classical calorimetry (designed to follow the course of fast 
interactions) was not suitable in these systems. 
Stability constants for the complexation of L 1 with the bivalent cations in acetonitrile 
at 298.15 K were also obtained by potentiometry (section 2.5.1.3). Comparison of 
data in Table 3.38 with corresponding data in Table 3.43 shows good agreement 
between these sets of data derived from the two independent methods. Thus average 
logKs values for the Pb2+-L1 system= (4.33 ± 0.18) and for the Cd2+-Ll system= 
(3.50 ± 0.04) were used to calculate the standard Gibbs energy of complexation, 
AcG0 for these systems as shown in Table 3.43. 
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Table 3.43: Thermodynamic parameters of complexation ofLl and heavy metal 
cations in acetonitrile at 298.15 K 
Catio LogKs AcG0 f\JIO AcS0 
166 
n kJ mor1 kJ mor1 JK-1mor1 
Pb2+ 
4.2±0.1:} 
4.3 ±0.1 -24.6 ± 0.8 -78 ± 1 -180 
4.4± 0.1 
5.15±0.02"} 
Cd2+ 5.16 ± 0.01 -29.5 ± 0.1 -25.6 ± 1 13 
5.17± 0.01b 
a From titration microcalorimetry, b From competitive potentiometry using the silver electrode. 
Calorimetric titrations for Lt and bivalent cations reflect that the stoichiometry of the 
complexation process is 1:1 i.e. one ligand unit interacts with one unit of metal-
cation. This result is in agreement with the complex stoichiometry found from 
conductometric titrations. Therefore thermodynamic data are referred to the process 
described by eqn. 1.1 
A general analysis of the thermodynamic parameters in Table 3 .43 shows that the 
complexation process is favoured in terms of enthalpy (llcH 0 < 0 therefore this 
process is enthalpically controlled in both cases. Although the enthalpy of complex 
formation is much more favourable for Pb2+ and L 1 than for Cd2+ and this ligand in 
:MECN, the higher unfavourable entropy contribution for the former relative to the 
latter is the factor which contributes to the lower stability of the complexes formed by 
this ligand with Pb2+ relative to Cd2+ in this solvent. 
Calorimetric measurements involving L2 and some of the bivalent (II) cations 
reflected that the stoichiometry of the complexation process is 1: 1, i.e., one ligand 
unit interacts with one unit of metal according to eqn 1.1, a fact which is also 
supported by 1H NMR studies previously discussed (See NMR 2.4.1.9). Calorimetric 
data were therefore fitted into an a 1: I binding model. Table 3.44 reports log K s 
values and derived standard Gibbs energies, llcG0 , enthalpies, AcH0 and entropies, 
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AcS0 , for the complexation of Ag +and the metal (IT) cations with L2 in acetonitrile at 
298.15 K derived from titration microcalorimetry . 
Table 3.44: Thermodynamic parameters of complexation ofL2 and metal cations 
in acetonitrile at 298.15 K determined by titration microcalorimetry 
Cation LogKs AcG0 AJIO AcS0 
kJ mor1 kJ mor1 JK-1mor1 
4.0±0.1"} 
Pb2+ 4.0±0.1 -22.83 -63±2 -135 
4.0± 0.1b 
3.50± 0.02"} 
Cd2+ 3.47±0.02 -19.7 -55±6 -118 
3.45± 0.02b 
Cu2+ 3.6±0.1 -20.55 13.6±0.9 114 
Zn2+ 4.0±0.1 -22.83 -40±2 -58 
Ag+ 3.3±0.2 -18.83 -25±4 -21 
a From titration microcalmimetry, b From competitive potentiometiy using the silver electrode 
As far as the enthalpies are concerned, the combination of the binding enthalpy 
(negative) and the enthalpy of desolvation (positive) of the cation under investigation 
[36] to the AJ1° were considered. The complex is enthalpically more stable when the 
binding enthalpy contributes more favourable (more negative) and lower energy is 
required to desolvate the cation in the appropriate solvent. For all cations under 
investigation the complexation processes in acetonitrile are enthalpically stabilised. 
The only exception is Cu2+. This cation is known to be well solvated in MeCN [26) 
due to its charge and small size when comparing with other metal cations under 
investigation. Cation desolvation appears to overcome the binding energy of the 
ligand-cation interaction. As a result, the complexation enthalpy is positive. As far as 
the entropies of complexation of macrocycles and metal cations are concerned, the 
processes to be considered are i) the desolvation of the reactants (metal cation and 
ligand) and ii) the solvation of the metal-ion complex. In addition conformational 
changes that the ligand undergoes upon complexation must be taken into ｡｣｣ｯｾｮｴＮ＠ The 
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more positive ｾ｣ｓ Ｐ＠ was attributed to a greater desolvation of the metal cation and the 
ligand which leads to an increase in disorder because more free solvent molecules are 
released. It is therefore concluded hat for the Cu2+ and L2 in acetonitrile, the 
favourable ｾ｣ｇ Ｐ＠ value is due to the gain in entropy accompanying the complexation 
process of L2 and this metal cation in acetonitrile. In general terms, the data listed in 
Table 3.44 show that all cations are enthalpically stabilised but entropically 
destabilised. 
A detailed investigation of the lithium and sodium complexes (as perchlorates) of L 1 
in acetonitrile and benzonitrile at 298.15 K was carried out in order to assess 
quantitatively the solvent effect on the cotnplexation process. The data obtained will 
be discussed using thermodynamic parameters of complexation and the solution 
parameters of the reactants and the product involved. The latter are discussed in the 
following section. 
3. 7.2.6 Standard enthalpies of solution of litltiu1n and sodium (perchlorate as tlte 
counter-ion) complexes (Ll) in benzonit.-ile at 298.15 K. 
The lithium and sodium L 1 perchlorate salts were isolated as reported in the 
Experimental Section. In addition crystals were obtained for the NaL1Cl04 salt for X 
ray diffraction studies. An ORTEP drawing of this structure was determined by Prof 
E. E. Castellano and Dr. 0. E. and Piro this is shown in Section 3.5.2.3 . As can be 
seen from this figure, the cation is found in the hydrophilic cavity while the 
hydrophobic cavity hosts one molecule of acetonitrile. The crystallographic results 
confirm the key role played by the pyridyl nitrogens and the ethereal oxygens in the 
complexation process. 
The lithium and sodium complex salts appear to undergo solvate formation when 
exposed to a saturated atmosphere of these solvents particularly in benzonitrile. Hence 
it was not possible to derive their standard solution Gibbs energies in these solvents 
from solubility measurements. As far as enthalpies are concerned this is not a 
limitation. Therefore calorimetric measurements were performed to determine the 
standard enthalpies of solution of these complex salts in acetonitrile and benzonitrile 
at 298.15 K. No reliable results were obtained for NaL1Cl04 in benzonitrile. Thus, 
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Table 3.45 shows the AsH values for LiLlCl04 in MeCN and PhCN at different 
electrolyte concentrations. In cases where no systematic variation in the AsH values 
were found by altering the concentration of the metal-ion salt, the standard enthalpy 
of solution, AsH0 is taken as the average of the data. When AsH values vary with 
changes in the electrolyte concentration, the AsH0 value was calculated from the 
intercept at c = 0 of a plot of AsH against the square root of the inic strength 1112 as 
shown in Fig. 3.35. Data for NaLlCl04 in acetonitrile at 298.15 K are also shown in 
the satne table. As far as the lithiutn complex perchlorate salt is concerned, the results 
reflect that the complex salt interacts more strongly in benzonitrile than in 
acetonitrile. These data are now used to assess the medium effect on the complexation 
process and this is discussed in the following Section. 
Table 3.45: Enthalpies of solution of lithium and sodium complexes (as 
perchlorates) in acetonitrile and benzonitrile at 298. 15 K. 
[LiL 1] CI04 
MeCN PhCN 
c I 112 AsH c I 112 AsH 
mol dm-3 mol 112 dm -312 kJ mor1 mol dm-3 mol 112 dm-312) kJ mor1 
1.49x1o-4 0.012 14.1 4.74x10-4 0.022 -31.4 
2.79x10-4 0.017 15.9 8.65xlo-4 0.029 -33.8 
4.84xlo-4 0.022 13.1 1.20xlo-3 0.035 -41.3 
7.90x104 0.028 12.9 1.39x10-3 0.037 -50.9 
9.25xto-4 0.030 14.6 1.62x10-3 0.040 -49.1 
9.37x10-4 0.031 14.7 1.67x10-3 0.041 -52.4 
LlsH0 = 14 ± 1 kJ mor1 a AsH0 = -21 ± 1 kJmor1 
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[NaL 1] CI04 
MeCN 
c/ mol dm·3 I% (mol 112 dm-312) l\JI/ kJ mor1 
4.94x10-4 0.022 3.1 
7.64x10-4 0.028 3.4 
l.03xlo·3 0.032 3.1 
1.49xlo·3 0.039 3.4 
1.76x1o·3 0.042 3.8 
2.47xlo·3 0.050 3.5 
d 8H0 = 3.4 ± 0.2 kJ mor1 
By combining these data with the AsH0 value for Ll (Table 3.41) the AtH0 for the 
lithium cation from MeCN ｾ＠ PhCN (data based on the Ph4AsPhJ3 convention) 
reported in the literature [19] and the AJI0 for the complexation of Li+ and L1 in 
acetonitrile and benzonitrile, the medium effect on the complexation process can be 
assessed and this is discussed in the following section. 
3. 7 .2. 7 The medium effect on the complexation of lithium and sodium with Ll in 
dipolar aprotic ntedia. 
The thermodynamics of complexation of a given system in one solvent relative to 
another is controlled by the different degrees of solvation of the reactants and the 
product in these media (eqn. 1.6). 
In the following section, transfer thermodynamic parameters, dtP0 ( P= G, H, S) of the 
free and the complex cations and the ligand from acetonitrile to benzonitrile are 
discussed. 
3.7.2.8 Transfer thermodynamics of reactants and product 
A quantitative assessment can be made about the factors which control the selective 
complexation of a ligand with metal cations in one solvent relative to another by 
--- -- _______________ :....___ ________ _ 
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inserting the appropriate data in eqn. 1.6. An ideal condition for complexation is 
offered by a solvent which is a good solvator for the metal-ion complex and which 
offers a poor solvating medium for the reactants [28, 41]. 
For the transfer Gibbs energies from MeCN to PhCN, the ｾｴｇ Ｐ＠ (Li+) 
MeCN ｾ＠ PhCN = 5.52 kJ mor1, data based on the P14AsPh4B convention at 298.15 
K] [19, 17] is used. The slightly higher stability (more favourable ｾ｣ｇ Ｐ Ｉ＠ observed for 
Li+ and Ll in PhCN relative to MeCN is due to the favourable contribution of the 
free metal cation (better solvated in MeCN) and the complex cation (better solvated in 
PhCN), which overcome the unfavourable contribution of the ligand for complexation 
in PhCN. Having stated this, it should be noted that the dtG0 value for the ligand is 
quite close to that of the metal-ion complex. This finding may be taken as an 
indication that the cation may be well shielded in the hydrophilic cavity of the ligand 
and unable to enter direct interaction with the solvent. 
11;G0= -30.94 kJ mor1 
Ac"Ef= -26.2 kJ moi-l 
Li+ (MeCN) + Ll (MeCN) 11;so = 16 JK-t mol Ｍｾ＠ Li+Ll (MeCN) 
AtG0 = 5.52 kJ mol -I 
Atlf= 13.1 kJmol -I 
AtS0 25.4 JK"1mot·1 
-11.92 kJ mol-1 
-38.5 kJ mol-1 
-89.1 JK"1mol -l 
-9.3 kJ moi-1 
-38.0 kJ mol"1 
-97.2 JK"1mol -I 
Li+ (PhCN) + Ll (PhCN) ____ __.. Li+Ll (PhCN) 
11;G0= -33.57 kJ mor1 
Ac"Ef= -37.6 kJ moi-l 
/1;S0 = -7.4 JK-1 mo11 
3.34 
In order to assess the medium effect in terms of enthalpy, the ｾ Ｑ ｈ Ｐ＠ values for lithium 
Ｈｾｴｈ Ｐ ］＠ 13.10 kJ mor1) from MeCN to PhCN based on the Pl4AsP14B given in the 
literature [43, 44] is used. The ｾｴｈ Ｐ＠ values for the ligand -38.50 kJ mor1, the lithium-
ion complex salt 34.9 kJ mort, the ｾｊｩｯ＠ values for these cations and Ll in these 
solvents are given in Table 3 .41. 
The single .. ion ｾｴｈ Ｐ＠ for LiLICl04 was calculated from data in Table 3.47 taking into 
account the single-ion transfer enthalpy value for the perchlorate ion from MeCN ·to 
PhCN based on the P}4AsPl4B (15.94 kJ mor1) reported in the literature [37]. As far 
as Li+ is concerned, the data show that the higher enthalpic stability of complex 
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formation in benzonitrile relative to acetonitrile is almost entirely due to the 
contribution of the free cation ( enthalpically more stable in MeCN than in 
benzonitrile ). The transfer enthalpy of the metal-ion complex is almost the same as 
that of the ligand and therefore, the complex cation appears to be well shielded by the 
ligand. A similar pattern is also found in terms of entropy. 
llcG0= -29.80 kJ moi-1 
Aclf= -33.8 k.T mol-1 
Na+ (MeCN) + Ll Ｈｍ･ｃｎｽ｜ ＸＰ ］ＭｬＳＮＴｊｋＭｴｭｾ Ｑ＠ Na+Ll(MeCN) 
-11.92 kJ mol-1 -4.51 kJ mol-1 
-38.5 kJ mol-t -17.5 kJ mol -1 
-89.1 J K-1mor1 -43.6 J K-1mor
1 
Na+ (PhCN) + Ll (PhCN) ____ __.. Na+Ll (PhCN) 
flcG0= -29.17 kJ mol-l 
Nf= -17.5 kJmoi-1 
l\:8° = 39.1 J K-1mof1 
3.35 
As far as Na+ and L1 is concerned, the AtH0 values for [Na+] (MeCN ｾ＠ PhCN) 
based on the P}4AsPl413 given in the literature [19] is (4.62 kJ mor1). The A1H0 value 
for NaL1 +from acetonitrile to benzonitrile was calculated via the cycle using the AJI0 
values for this cation and L1 in these solvents (Table 3.41) and the AtH0 value for the 
sodium cation and the ligand (Table 3.42) (MeCN ｾ＠ PhCN ). (using the calculated 
AtH0 value for NaLlCl04 (-17.5 kJ mor1 ) and the AsH0 value for this salt in 
acetonitrile (3.4 ± 0.2 kJ mor1), an estimated value for the AsH0 of this salt in 
benzonitrile can be calculated). 
For Na+ and Ll in terms of Gibbs energies again the free and complexed cations 
favour complexation in PhCN but their contributions are compensated by that of the 
ligand, which show the opposite trend. As a result, the stability of complex formation 
is about the same in both solvents. 
In terms of enthalpy, the joint contribution of both, the free and complex cations 
which favour complexation (in enthalpic terms) in benzonitrile, is not enough to 
overcome the higher enthalpic stability of the ligand in PhCN relative to MeCN. As a 
result, the complexation process is enthalpically more stable in the latter than in the 
former solvent. In terms of entropy, again the ligand plays a predominant role in the 
more favourable entropies of the complexation in PhCN relative to MeCN as shown 
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in eqn.3.35. It should be also noted that the differences in the entropic stability 
between these two solvents is reduced in the sodium metal-ion complex relative to the 
free ligand. It may well be that either the hydrophobic cavity is better ｰｲ･ｾｯｲｧ｡ｮｩｳ･､＠ to 
interact with acetonitrile when the ligand is complexed with the sodium cation than on 
its free state or, as shown in the transfer enthalpies, the ability of the ligand to interact 
with benzonitrile is greater for the free relative to the complex ligand. 
CONCLUSIONS 
From the above discussion on 5, 11, 17, 23 tetrakis (1, 1 dimethylethyl) 25, 27-bis [(2-
methylthio) ethoxy] 26, 28- bis [2- pyridyl methyloxy] calix[4]arene Ll and 5, 11, 17, 
23 tetrakis (1, 1 dimethylethyl) 25, 27-bis [(2- methylthio) ethoxy] 26, 28- bis [3-
pyridyl methyloxy] calix[ 4 ]arene L2, the following conclusions are drawn: 
i) The standard transfer Gibbs energies ofL1 and L2 fi·om acetonitrile to various 
solvents reflect the differences in solvation of these isomers in the appropriate 
solvents. These data demonstrate that a change in the position of the nitrogen 
atom of the pyridyl ring of the pendant arms relative to the ethereal oxygen 
leads to significant solvation changes 
ii) The thermodynamics of complexation of L 1 with several metal cations in 
acetonitrile at 298.15 K reflect that amongst these metal-ions, the most stable 
complex is formed between this ligand with Li+ and Na + when compared with 
corresponding data for the bivalent cations. 
iii) As far as the alkali-metal cations are concerned, Ll although interacting with 
Li+ and Na +, this ligand discriminates against the largest cations (K+, Rb + and 
Cs +) in acetonitrile. 
iv) As far as the composition of the complex is concerned, one metal cation 
is taken up per unit of calix[ 4]arene. 
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v) The enthalpies of complexation of Ll and L2 with several metal cations in 
MeCN at 298.15 K show that the complexation processes are enthalpically 
controlled (except in the case of Cu2+ which is entropically controlled). 
vi) The X-ray crystal structure of the [NaLl]Cl04 complex show that in the solid 
state the ligand interact with the metal cation through the hydrophilic cavity 
while a molecule of acetonitrile was found in the hydrophobic cavity. 
vii) The results listed in Table 3.41 demonstrate that the medium alters the 
stability of the complexes in a selective manner, which is dependent on the 
solvation changes that the reactant and the product undergo upon 
complexation. As far as the complexation of Ll with the sodium cation is 
concerned, acetonitrile is a better medium than benzonitrile. 
viii) The stability of complex formation with metal cations changes when 
comparing ligands with four substituents containing the pyridyl ring at the 
lower rim to that containing two methylsulphanyl arms these results reflect 
that the former tends to interact with larger metal cations (K+, Rb+ and Cs+) [ 
14] (through the ethereal oxygen and nitrogen donor atoms) while the latter 
discriminate against these tnetal cations. 
-- Ｍ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
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FUTURE WORK 
Further work could involve: 
1. Introducing the pyridine moiety with the nitrogen in the para position to LO, 
and studying the complexation properties and selectivity. 
2. Introducing substituent moieties with longer chains and increasing the 
distance between the oxygens and the nitrogen donor atoms may offer two 
sites of interaction. 
3. X-ray diffraction studies of the metal-ion complexes particularly those 
involving bivalent metal cations. 
4. Establishing thermodynamic parameters of solution of metal-ion complexes of 
Ll in acetonitrile and benzonitrile at 298.15 K. These data could be used for 
the calculation of the thennodynamic parameters of coordination of these 
systems. 
5. Investigation of the extraction propetties of L 1 and L2 for metal cations from 
aqueous solvent. 
6. Exploring the complexation capability of Ll and L2 for the precious metal 
cations (gold III and platinum V) to determine if these ligands could be used 
as extracting agents for these metal cations. 
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Potentiometric titration data using silver electrode 
A. I Potentiometric data obtained for the titration of Ll into the silver salt 
solution in acetonitrile at 298.15 K. 
[Agi [Ll] 
mol dm-3 mol dm-3 (Ll]/[Ag+) E{mV} 
ＵＮＷＱｅｾＰＵ＠ ＳＮＲＰｅｾＰＶ＠ 0.06 296.9 
5.47E-05 6.34E-06 0.12 295.8 
ＵＮＲＵｅｾＰＵ＠ 9.42E-06 0.18 294.7 
5.01E-05 1.25E-05 0.25 293.5 
4.82E-05 1.54E-05 0.32 292.5 
4.62E-05 1.84E-05 0.40 291.4 
4.43E-05 2.12E-05 0.48 290.3 
4.24E-05 2.41E-05 0.57 289.2 
4.07E-05 2.68E-05 0.66 288.1 
3.90E-05 2.96E-05 0.76 287.0 
3.75E-05 3.23E-05 0.86 286.0 
3.61E-05 3.49E-05 0.97 285.0 
ＳＮＴＶｅｾＰＵ＠ 3.75E-05 1.08 283.9 
3.34E-05 4.01E-05 1.20 283.0 
3.21E-05 4.26E-05 1.33 282.0 
3.09E-05 4.51E-05 1.46 281.0 
2.99E-05 4.75E-05 1.59 280.1 
2.89E-05 4.99E-05 1.73 279.2 
2.79E-05 5.23E-05 1.88 278.3 
ＲＮＶＹｅｾＰＵ＠ 5.46E-05 2.03 277.4 
2.60E-05 5.69E-05 2.19 276.5 
2.51E-05 5.92E-05 2.36 275.6 
2.44E-05 6.14E-05 2.52 274.8 
2.36E-05 6.36E-05 2.69 274.0 
2.28E-05 6.57E-05 2.88 273.1 
2.22E-05 6.79E-05 3.06 272.4 
2.15E-05 ＷＮＰＰｅｾＰＵ＠ 3.25 271.6 
2.10E-05 7.20E-05 3.44 270.9 
2.03E-05 7.41E-05 3.65 270.1 
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A.2 Potentiometric data obtained for the titration ofLi+ salt into the Ag+ Ll 
complex solution in acetonitrile at 298.15 K. 
[Li+] [Ll 
mol dm-3 mol d1n-3 [Li+]/[Ll] E(mV) 
4.20E-06 7.58E-05 0.06 0.212 
8.37E-06 7.55E-05 0.11 0.108 
1.25E-05 7.53E-05 0.17 0.049 
1.66E-05 7.50E-05 0.22 0.048 
2.07E-05 7.47E-05 0.28 0.033 
2.48E-05 7.45E-05 0.33 0.040 
2.88E-05 7.42E-05 0.39 0.047 
3.28E-05 7.40E-05 0.44 0.054 
3.67E-05 7.37E-05 0.50 0.070 
4.07E-05 7.34E-05 0.55 0.092 
4.46E-05 7.32E-05 0.61 0.110 
4.85E-05 7.29E-05 0.66 0.132 
5.24E-05 7.27E-05 0.72 0.151 
5.62E-05 7.24E-05 0.78 0.179 
6.00E-05 7.22E-05 0.83 0.203 
6.38E-05 7.20E-05 0.89 0.229 
6.75E-05 7.17E-05 0.94 0.252 
7.13E-05 7.15E-05 1.00 0.277 
7.50E-05 7.12E-05 1.05 0.304 
7.87E-05 7.10E-05 1.11 0.328 
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A.3 Potentiometric data obtained for the titration ofNa +salt into the Ag+ Ll 
complex solution in acetonitrile at 298.15 K. 
[Na+] [Ll] 
mol dm-3 mol dm-3 (Na+]/ILl] E{ntV) 
2.58E-05 7.57E-05 0.34 271.0 
3.00E-05 7.55E-05 0.40 271.7 
3.42E-05 7.52E-05 0.45 272.4 
3.83E-05 7.49E-05 0.51 273.5 
4.24E-05 7.47E-05 0.57 274.3 
4.65E-05 7.44E-05 0.63 275.2 
5.05E-05 7.42E-05 0.68 275.9 
5.46E-05 7.39E-05 0.74 276.6 
5.86E-05 7.37E-05 0.80 277.2 
6.25E-05 7.34E-05 0.85 277.8 
6.65E-05 7.32E-05 0.91 278.3 
7.04E-05 7.29E-05 0.97 278.7 
7.43E-05 7.27E-05 1.02 278.9 
7.82E-05 7.24E-05 1.08 279.0 
8.20E-05 7.22E-05 1.14 279.3 
8.96E-05 7.17E-05 1.25 279.7 
9.71E-05 7.13E-05 1.36 280.2 
l.OSE-04 7.08E-05 1.48 280.9 
1.12E-04 7.03E-05 1.59 281.2 
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A.4 Potentiometric data obtained for the titration ofPb2+ salt into the Ag+ Ll 
complex solution in acetonitrile at 298.15 K. 
[Pb+2] [Ll] 
IDOl dm-J mol dm-3 [Pb +2]/[Ll] E(mV) 
1.55E-06 6.21E-05 0.02 -126.1 
4.65E-06 6.20E-05 0.07 -122.3 
7.73E-06 6.18E-05 0.12 -119.4 
1.23E-05 6.16E-05 0.20 -116.2 
1.69E-05 6.14E-05 0.27 -113 .3 
2.14E-05 6.11E-05 0.35 -110.5 
2.59E-05 6.09E-05 0.42 -107.6 
3.03E-05 6.07E-05 0.50 -105.0 
3.47E-05 6.04E-05 0.57 -102.4 
3.91E-05 6.02E-05 0.65 -100.5 
4.35E-05 6.00E-05 0.72 -98.9 
4.78E-05 5.97E-05 0.80 -97.6 
5.21E-05 5.95E-05 0.87 -96.3 
5.63E-05 5.93E-05 0.95 -95.0 
6.33E-05 5.89E-05 1.07 -94.3 
6.89E-05 5.87E-05 1.17 -93 .8 
7.44E-05 5.84E-05 1.27 -93.4 
8.79E-05 5.77E-05 1.52 -93.4 
l .OIE-04 5.70E-05 1.77 -93.3 
1.14E-04 5.63E-05 2.02 -93.3 
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A. 5 Potentiometric data obtained for the titration of Cd2+ salt into the Ag + Ll 
complex solution in acetonitrile at 298.15 K. 
[Cd+1] [Ll] 
mol dm-3 mol dm-3 [Cd+2]/[Ll] E(mV) 
9.09E-06 7.22E-05 0.13 276.1 
1.81E-05 7.19E-05 0.25 277.2 
2.71E-05 7.17E-05 0.38 278.3 
3.60E-05 7.14E-05 0.50 279.4 
4.48E-05 7.12E-05 0.63 280.6 
5.36E-05 7.09E-05 0.76 281.9 
6.23E .. 05 7.07E-05 0.88 283.1 
7.10E-05 7.04E-05 1.01 284.1 
7.96E-05 7.02E-05 1.13 285.1 
8.81E-05 6.99E-05 1.26 286.0 
9.66E-05 6.97E-05 1.39 286.7 
1.05E-04 6.95E-05 1.51 287.4 
1.13E-04 6.92E-05 1.64 288.0 
1.22E-04 6.90E-05 1.76 288.6 
1.30E-04 6.87E-05 1.89 289.0 
1.38E-04 6.85E-05 2.02 289.3 
1.46E-04 6.83E-05 2.14 289.6 
1.54E-04 6.81E-05 2.27 289.8 
1.62E-04 6.78E-05 2.39 290.0 
1.70E-04 6.76E-05 2.52 290.2 
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A. 6 Potentiometric data obtained for the titration of Zn2+ salt into the Ag + Ll 
complex solution in acetonitrile at 298.15 K. 
[Zn+1] [Ll] 
mol dm-3 mol dm-3 [Zn +2]/[Ll] E(mV) 
7.52E-05 7.60E-06 0.10 272.6 
7.49E-05 1.52E-05 0.20 274.0 
7.47E-05 2.26E-05 0.30 275.2 
7.44E-05 3.01E-05 0.40 276.5 
7.42E-05 3.75E-05 0.51 277.8 
7.39E-05 4.48E-05 0.61 279.1 
7.37E-05 5.21E-05 0.71 280.4 
7.34E-05 5.94E-05 0.81 281.5 
7.32E-05 6.65E-05 0.91 282.6 
7.29E-05 7.37E-05 1.01 283.6 
7.27E-05 8.08E-05 1.11 284.5 
7.24E-05 8.78E-05 1.21 285.3 
7.22E-05 9.48E-05 1.31 286.0 
7.19E-05 1.02E-04 1.42 286.6 
7.17E-05 1.09E-04 1.52 287.2 
7.14E-05 1.16E-04 1.62 287.7 
7.12E-05 1.22E-04 1.72 288.2 
7.10E-05 1.29E-04 1.82 288.8 
7.07E-05 1.36E-04 1.92 289.1 
7.05E-05 1.43E-04 2.02 289.4 
7.03E-05 1.49E-04 2.12 289.6 
7.00E-05 1.56E-04 2.22 289.6 
6.98E-05 1.62E-04 2.32 289.7 
6.96E-05 1.69E-04 2.43 289.6 
6.94E-05 1.75E-04 2.53 289.6 
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ApendixB 
B.1 Potentiometric data obtained for the titration of Ni2+ salt into the Ag + L2 
complex solution in acetonitrile at 298.15 K. 
[Ni+:Z] [L2] 
mol dm-3 mol dm-3 [Ni+2]/(L2] E{mV) 
l.llE-05 1.37E-04 0.08 276.9 
2.22E-05 1.37E-04 0.16 277.3 
3.31E-05 1.36E-04 0.24 277.7 
4.40E-05 1.36E-04 0.32 278.1 
5.48E-05 1.35E-04 0.41 278.5 
6.56E-05 1.35E-04 0.49 278.8 
7.62E-05 1.34E-04 0.57 279.1 
8.68E-05 1.34E-04 0.65 279.4 
9.73E-05 1.33E-04 0.73 279.6 
1.08E-04 1.33E-04 0.81 279.7 
1.18E-04 1.33E-04 0.89 279.8 
1.28E-04 1.32E-04 0.97 279.9 
1.39E-04 1.32E-04 1.05 279.9 
1.49E-04 1.31E-04 1.13 279.9 
1.59E-04 1.31E-04 1.22 280.0 
1.69E-04 1.30E-04 1.30 279.9 
1.79E-04 1.30E-04 1.38 279.9 
1.89E-04 1.29E-04 1.46 279.9 
1.99E-04 1.29E-04 1.54 279.8 
2.08E-04 1.29E-04 1.62 279.8 
APPENDIX 1 
B.2 Potentiometric data obtained for the titration of Cd1+ salt into the Ag+ L2 
complex solution in acetonitrile at 298.15 K. 
[Cd+2] [L2] 
mol dm-3 mol dm-3 [Cd+2]/[L2] E(mV) 
2.16E-04 4.25E-04 0.51 272.2 
4.31E-04 4.24E-04 1.02 273.7 
6.44E-04 4.22E-04 1.52 274.6 
8.55E-04 4.21E-04 2.03 275.1 
1.07E-03 4.19E-04 2.54 275.6 
1.27E-03 4.18E-04 3.05 276.2 
1.48E-03 4.16E-04 3.56 276.9 
1.69E-03 4.15E-04 4.07 277.7 
1.89E-03 4.13E-04 4.57 278.5 
2.09E-03 4.12E-04 5.08 279.2 
2.29E-03 4.11E-04 5.59 279.9 
2.50E-03 4.09E-04 6.10 280.5 
2.69E-03 4.08E-04 6.61 281.0 
2.89E-03 4.06E-04 7.12 281.4 
3.09E-03 4.05E-04 7.62 282.0 
3.28E-03 4 .04E-04 8.13 282.4 
3.48E-03 4.02E-04 8.64 282.7 
3.67E-03 4.01E-04 9.15 283.0 
3.86E-03 4.00E-04 9.66 283.3 
4.05E-03 3.98E-04 10.16 283.6 
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B.3 Potentiometric data obtained for the titration ofCu2+ salt into the Ag+ L2 
complex solution in acetonitrile at 298.15 K. 
[Cu+2] [L2] 
mol dm-3 mol dm-3 [Cu +2]/[L2] E(Mv) 
2.16E-04 4.25E-04 0.51 272.2 
4.31E-04 4.24E-04 1.02 273.7 
6.44E-04 4.22E-04 1.52 274.6 
8.55E-04 4.21E-04 2.03 275.1 
1.07E-03 4.19E-04 2.54 275.6 
1.27E-03 4.18E-04 3.05 276.2 
1.48E-03 4.16E-04 3.56 276.9 
1.69E-03 4.15E-04 4.07 277.7 
1.89E-03 4.13E-04 4.57 278.5 
2.09E-03 4.12E-04 5.08 279.2 
2.29E-03 4.11E-04 5.59 279.9 
2.50E-03 4.09E-04 6.10 280.5 
2.69E-03 4.08E-04 6.61 281.0 
2.89E-03 4.06E-04 7.12 281.4 
3.09E-03 4.05E-04 7.62 282.0 
3.28E-03 4.04E-04 8.13 282.4 
3.48E-03 4.02E-04 8.64 282.7 
3.67E-03 4.01E-04 9.15 283.0 
3.86E-03 4.00E-04 9.66 283.3 
4.05E-03 3.98E-04 10.16 283.6 
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B.4 Potentiometric data obtained for the titration ofZn2+ salt into the Ag+ L2 
complex solution in acetonitrile at 298.15 K. 
[Zn+2] [L2] 
mol dm-3 mol dm-3 [Zn +2]/[L2] E(mV) 
2.42E-05 2.13E-04 0.11 279.3 
4.83E-05 2.13E-04 0.23 280.5 
7.22E-05 2.12E-04 0.34 281 .1 
9.59E-05 2.11E-04 0.45 281.6 
1.19E-04 2.10E-04 0.57 282.0 
1.43E-04 2.10E-04 0.68 282.4 
1.66E-04 2.09E-04 0.79 282.7 
1.89E-04 2.08E-04 0.91 282.9 
2.12E-04 2.08E-04 1.02 283.1 
2.35E-04 2.07E-04 1.14 283.3 
2.57E-04 2.06E-04 1.25 283.5 
2.80E-04 2.05E-04 1.36 283.6 
3.02E-04 2.05E-04 1.48 283.7 
3.24E-04 2.04E-04 1.59 283.9 
3.46E-04 2.03E-04 1.70 283.9 
3.68E-04 2.03E-04 1.82 284.1 
3.90E-04 2.02E-04 1.93 284.1 
4.11E-04 2.01E-04 2.04 284.1 
4.33E-04 2.01E-04 2.16 284.1 
4.54E-04 2.00E-04 2.27 284.1 
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APPENDIX 2B: lH NMR SPECTRA OF THE FREE AND COMPLX L2 
ｾ＠ ｾｾｩｈｬ＠ ｾｩｾ＠ ｾｾｾｕＮ｀＠
0) CO CO ｃｏｾ＠ a-, .. t• •· I• , ... , .. r-
ｾｾ＠ ｜ｖｾＯＱ＠
I CD,CN I 
8 6 4 2 PPM 
B 6 4 2 PPM 
co
 1
 
r 
m11
 
1
\)
 I 
:;
: 
.
, 
"
"
D s:
 
B __ 8.131 -a.1S4 __,.,.,--7.i 10 ｾＷＮＷＱＭｬ＠ (F.f,l; ＭＭＭＷＮＱＸｾ＠
.
.
 
ｾ＠ co
 iJ. 
""
""
' 
,
 
ｾ＠ <..,
) 
N
 
.
, 
.
, :!:
 
｛ｊＧｾｩ＠
S.6
:57
 
N
 
9.9
47
 
9.9
33
 
-
-
8
.3
0
3
 
_
.
.
,
.
-
-
-
7
.9
87
 
ｾＷＮＹＶＴ＠
7.
94
4 
_
.
.
,
.
-
-
7
.2
8
S
 
ｾｾｾＺ＠
>
 := ｾ＠ ｾ＠ ｾ＠ ｾ＠ N 1-l \D .... 
